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ABSTRACT
!
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Title:

Design and Evaluation of Ballast Water Management Systems using
Modified and Hybridised Axiomatic Design Principles

Degree: Doctor of Philosophy (PhD)

There are two major motivations to this research. The first is based on the concerns
raised at the International Maritime Organisation (IMO) MEPC 67 and 68 meetings
regarding the capacity of some type-approved Ballast Water Management (BWM)
Systems to meet the performance standard (D-2) of the BWM Convention at-all-times
and in all conditions. The second is based on the reluctance expressed by some shipowners to install the system onboard their ships as a Lloyd's list survey suggested. In
this work, an attempt was made to address these issues and concerns using a set of
criteria stipulated in Regulation D-5.2 of the BWM Convention which provides the
framework for reviewing and evaluating the practical concepts of managing ballast
water, developing a conceptual model for managing ballast water and minimizing the
contributions of human-error to BWM System performance by analyzing the
associated operational human factors.
Firstly, the design of a conceptual model of managing ballast water and the evaluation
of some established practical concepts of BWM were achieved by using a suitable
technique (Axiomatic Design or AD) which was selected via a robust procedure. The
two axioms of Axiomatic Design (information and independence) were used to
evaluate four different concepts of managing ballast water as well as develop a BWM
Convention-compliant conceptual design matrix model respectively. Based on data
collected from ballast water management experts, Post-loading Onshore Ballast Water
Management System was shown to be the most appropriate ballast water management
concept with respect to the Regulation D-5.2 set of criteria. This presents a paradigm
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shift in expert preference from traditional shipboard systems to onshore systems with
respect to the IMO-criteria.
The pathway for improved performance of the Convention-compliant design matrix
was subsequently determined and prioritised using Sufield model of Altshuler's theory
of inventive problem solving (TRIZ). Lastly, a 5-step algorithm was developed to
minimise operator errors in the BWM System’s operation. Fatigue and training were
found to have the greatest impact on operator performance.
Keywords:
Ballast water management, axiomatic design, harmful aquatic organisms and
pathogens, intuitionistic fuzzy set theory, sufield model, human factors analysis and
classification system, performance enhancement.

"
"
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1. INTRODUCTION
1.1 Background
With about 90% of the world's commodities moved by ships, shipping is indeed the backbone
of the global economy. In the bid to move these commodities, ships use ballast water to
maintain manoeuvrability, stability and correct immersion for safe navigation especially
when cargo is offloaded. This ballast water contains aquatic organisms that once discharged
into a port could result in some deleterious consequences of ecological and economic
dimensions. The discharge of Harmful Aquatic Organisms and Pathogens (HAOP) found in
ships ballast water from one port environment to another can, therefore, have severe
ecological, environmental and economic consequences, especially when they transform into
marine pests. Every species removed from its native range and introduced to a new area has
the potential to become invasive (Veldhuis et al., 2010). The potential of species transfer is
compounded by the fact that most marine species have planktonic stages in their life-cycle
(Figure 1), which may be small enough to pass through a ship’s ballast water intake ports and
pumps (sea chests) (Raaymakers, 2002).

Figure 1: A typical ballast water cycle procedure
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Under natural conditions, these organisms are restricted to their natural bioregions by a
battery of obstructing environmental barriers in the form of biotic (presence of predators, the
absence of prey) and abiotic (nutrients, salinity, temperature, landmass) conditions. These
natural barriers between donor and recipient bioregions, however, have become easily
surmountable by anthropogenic vector provided by modern international shipping. As a
matter of fact, ships on international voyage have been identified as the largest vectors for
aquatic species introduction.
The introduction of Harmful Aquatic Organisms and Pathogens (HAOP) into new
environments by ship’s ballast water attached to ship’s hulls and via other vectors has been
identified as one of the ‘four greatest threats to the world’s oceans’ by the IMO
(GLOBALLAST, 2004; IMO, 2005; Xie and Chen, 2004). HAOP, once established in a new
environment are always very difficult and cost prohibitive to control and almost impossible
to eliminate.
1.2 Consequences of Bio-invasion
The impact of bio-invasion on the environment is irreversible (IMO, 2001; Raaymakers,
2002) and generally increase in severity over time because of their ability to reproduce
(Kuroshi, 2012). This is in contrast with oil-spill pollution (Figure 2).

Figure 2: Impacts over time of major Oil Spills versus Aquatic Bioinvasions adopted from
Source: Raaymakers, 2002; Kuroshi, 2012).
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Some of the potential consequences of bio-invasion include public health impacts such as the
risk of cholera disease from the discharge of its pathogen vibrio cholerae contained in
untreated ship’s ballast water from endemic regions of the world. There are reported cases of
deadly paralytic poisoning from human ingestion of fish poisoned by red tide algae; a
consequence of untreated ballast water discharge. Bio-invasions have some economic and
social impacts on fisheries, aquaculture, and tourism respectively. Disruption of normal port
operations may also result from bio-invasion.
1.3 Research Motivation
The concerns raised and presented by the ‘correspondence group’ at the IMO MEPC (67 and
68) meetings regarding the performance of some type-approved ballast water treatment
systems (BWTS) to meet the D-2 standards of the BWM Convention and the reluctance of
some ship-owners to install the BWTS onboard their ships from a recent Lloyds List survey
(Lloyd’s List, 2014), willing to scrap tonnage than install treatment systems onboard their
ships is the major motivation of this research. Although the aggregative tonnage required for
the full ratification of the BWM Convention has already been attained, issues regarding the
viability of the type-approved systems (especially the first-generation systems) still dominate
the BWM conversation at both the IMO and many ballast water management research
forums. The global BWM System market is valued around USD$100 billion dollars with over
60,000 merchant ships to retrofit with BWM Systems and over 6,000 seaports needing install
port-based or barge-based onshore systems. This research is based on the premise that an
optimum as well as an acceptable ballast water management process (onshore or onboard) is
necessary to address the current dialectics. An optimum ballast water management process is
also a possibility in view of the existing research literature and relevant regulatory
frameworks.
This study has classified ballast water management as either shipboard and onshore-based
with four major concepts (Figure 3) namely the Shipboard treatment of ballast water, Ballast
water exchange (BWE), Post-loading onshore ballast water treatment system and Preloading onshore ballast water treatment system (PreOBWTS). These four concepts were
evaluated in this research with respect to IMO stipulated criteria of safety, environmental
acceptability, practicability, biological effectiveness and cost effectiveness. PreOBWTS is,
however, a novel system introduced by this research. A detailed discussion of the method is
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presented in appended paper 1 as well as chapter 6 of this thesis. A multiple-criteria
evaluation of the concepts is presented in appended paper 3 and summarised in chapter 6 of
this thesis.

Figure 3: Ballast Water Management (BWM) Systems’ Family Tree with novel System
encircled in red.

There is very few research in the literature on ballast water management methods evaluation.
Starting with the most recent, Jing et al. in 2013 evaluated ballast water treatment
technologies such as ultraviolet, heat treatment, ozone, ultrasound, and biocides with respect
to efficacy on organisms, efficacy on organics, adaptability to harsh environment, capital
cost, O & M cost, human risk, ecological risk, and waste production using a nine-expert
evaluation process. The authors were only able to evaluate technologies identified in this
thesis as subsets of the ballast water management concepts within the ballast water
management family tree (Figure 3). The criteria used by the authors were not exactly the IMO
criteria stipulated in Regulation D-5.2 of the ballast water management convention. The IMO
criteria are: safety, environmental acceptability, practicability, biological effectiveness and
cost-effectiveness referred to as SEPBiC criteria in this thesis. Acomi and Ghita (2012) on
the other hand did a comparative study of five of the subsets (filtration, ultraviolet irradiation,
biocides, heat treatment and de-oxygenation) which are designed only for shipboard
application. The purpose of their study was ship-specific equipment selection to help shipowners. No reference was made however to IMO’s SEPBiC evaluation criteria in the study.
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These studies did not address the question of determining the most appropriate concept for
managing ballast water (onshore or shipboard) with respect to the reluctance of ship-owners
to install the system onboard their ships. A study however by SWRCB (2002) where BWE,
Post-loading and Onboard treatment methods were evaluated with respect to the IMO criteria
is currently the only such study in literature. The study, however, was not subjected to any
form of rigorous decision-making analysis in view of the multiple criteria nature of the
evaluation process. It was merely a report on the three methods with respect to the criteria
rather than a robust evaluation to rate their performance and selection potentials over one
another.
1.4 Aim and Objectives of Research
There are 69 type-approved ballast water management systems following the most recent
MEPC meeting (MEPC 70) at the IMO headquarters, London. They are, however, designed
predominantly for shipboard applicability. But the BWM Convention has made provisions in
Regulation B-3.7 for alternative methods of ballast water management "...provided such
methods ensure at least the same level of protection to the environment, human health,
property or resources..." as required by the D-2 standard.
The aim of this research is to develop an optimum Ballast Water Management (BWM)
process that satisfies all the requirements of the BWM Convention. An optimum BWM
process can be defined as one that ensures that all the requirements of the BWM Convention
are fully complied with by a BWM System. These requirements include the articles and the
regulations contained in the BWM Convention and they range from equipment, training,
personnel, environmental and policy requirements.
The objectives of achieving the aim of this study therefore are:
1) To determine the most appropriate BWM concept with respect to safety, environmental
acceptability, practicability, biological and cost effectiveness.
2) To design a BWM Convention-compliant BWM System.
3) To develop the Ideality or performance-enhancement pathways for the design in 2 above.
4) To determine the procedure to operator-error minimization in BWM operation.
1.5 Research Methodology
In designing and evaluating a regulation-based BWM System with respect to IMO-criteria
(SEPBiC) which are predominantly imprecise in dimension, both a suitable multiple-criteria
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decision making method and a systematic design technique will be required. The nature of
the problem and criteria defined the problem as a multiple-criteria decision making problem
in a fuzzy environment. It will be imperative, therefore, to select the most suitable technique
with respect to factors such as; ease of use, affordability, and compatibility with problem
nature. Also, a systematic design technique that can factor all the IMO-criteria should be
appropriate in the design stage.
1.6 Outline of Thesis
The thesis has seven chapters with four appended papers which represent the scope of the
research. The chapters are as follows: Chapter one is the introduction where the aim and the
objectives of the research were presented. Chapter two provides an overview of the concept
of ballast water management and the exemption regimes under the Ballast Water
Management Convention. Section 2.1 discusses the problem with ballast water-borne aquatic
organisms’ introduction into new environments, the numerical standards stipulated in the
BWM Convention to mitigate the menace of such introductions as well as the different
concepts of managing ballast water. In section 2.2, a new concept of ballast water
management known as Pre-loading Onshore Ballast Water Treatment System (PreOBWTS)
was introduced as well as the need for this study. Sections 2.3 looked at risk assessment under
the BWM Convention’s Guidelines G-7. In section 2.4, the two approaches to risk
assessment; port-to-port approach and the same risk area (SRA) approach were discussed.
In chapter three the methodological frameworks of the research were defined with a review
of relevant literature with respect to each methodology. Chapter 4 discusses the human errors
that are associated with human-machine mismatches during ballast water management
system operations. In section 4.1, an overview of the entire chapter 4 was presented. A
modification of Edward’s SHEL model in ballast water management operation was discussed
in section 4.2, while the tripod theory of risk management with respect to ballast water
management was discussed in section 4.3. In section 4.4, the application of Weigmann and
Shappell’s Human Factor Analysis and Classification System (HFACS) in ballast water
management was presented and section 4.5 proposed a set of algorithms to minimise operator
errors in ballast water management operation.
In chapter 5, a conceptual model of ballast water management system is designed using the
ballast water management convention as a guide as well as a modified version of the
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independence axiom of axiomatic design. In chapter 6, the four appended papers to this thesis
were summarised and in chapter 7 a general discussion and conclusion of the entire research
are presented.
In the appendices, the appended papers were presented in appendix 1 and appendix 2 has the
questionnaires used in this research attached. The first appended paper in appendix 1
introduced a novel concept of Ballast Water Management (BWM) known as Pre-loading
Onshore Ballast Water Treatment System (PreOBWTS), while appended paper 2 discussed
some underlying theories of ballast water management and how they contribute to the
understanding of the risk of aquatic species introduction and their fate. In appended paper
three, a novel methodology known as intuitionistic fuzzy multi-attribute axiomatic design
(IFMAD) was introduced and used to evaluate ballast water management methods. While in
the final appended paper a conceptual model of ballast water management system was
designed using a modified principle of axiomatic design and BWM Convention as a guide.
The performance of this conceptual design was subsequently improved using the theory of
inventive problem solving (TRIZ). In appendix 3, subject matter terms used in the thesis are
defined. A full text of IMO and UN conventions used in the study are presented in appendix
4 and axiomatic design theorems and corollaries by Suh (2003) are presented in appendix 5.

7!
!

2. BALLAST WATER MANAGEMENT
2.1 Ballast Water Management (BWM) Convention
The BWM Convention stipulated two goal-based management standards for ship discharged
ballast water. The management standards are regulations D-1 (ballast water exchange) and
D-2 (ballast water performance standard). The discharge of ballast water by ships should
satisfy the following standard requirements:
D-1: Ballast Water Exchange Standard Regulation D-1 requires 95% volumetric efficiency
in the performance of ballast water exchange. This procedure should be carried out at a
position at least 200 nautical miles offshore and at least 200m depth of water or at a location
at least 50 nautical miles offshore and at least 200m depth of water.
D-2: Ballast Water Performance Standards. Regulation D-2 is a goal-based discharge
standard which requires the deployment of treatment methods.
2.1.1 Concepts of BWM under Regulation B-3
Although D-1 (BWE) and D-2 (Ballast Water Treatment or performance standard) were
stipulated in the convention as the methods capable of satisfying the minimum requirements
of the BWM Convention, BWE was designed as a stop-gap (or temporary) measure. All ships
(including floating platforms, submersibles, FPSOs and FSUs) of 400 gross tonnes and over
are expected by the convention to be in full compliance with D-2 standards by conducting
ballast water management subject to Regulation B-3. The convention, however, does not
apply to ships such as those designed not to carry ballast water, ships with permanent ballast
water in sealed tanks, non-commercial etc. Paragraph 7 of Regulation B-3 made provision
for alternative methods so long as "such methods ensure at least the same level of protection
to the environment, human health, property or resources, and are approved in principle by the
Committee (MEPC)". To that end, ballast water management cannot be said to be restrictive
to only shipboard applicability, although most of the over 65 type-approved systems are
designed primarily for shipboard applicability. This study, therefore, has categorised ballast
water management into two broad primary classes of shipboard and onshore with their
subclasses (Figure 3). Shipboard management can either be based on ballast water exchange
or shipboard treatment of ballast water. While onshore systems can be implemented either
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before ship's voyage (pre-loading) or after the voyage (post-loading). The onshore
management of ballast water can be achieved via a barge reception facility with its treatment
plant, the use of a treatment truck on land or shore treatment plant with a reception
facility. Regulation D-5.2 stipulated that ballast water treatment system (BWTS) should be
developed with respect to their safety, environmental acceptability, practicability, biological
and cost effectiveness.
2.2 Problem Discussion
Ship discharged ballast water has been identified as the greatest means of organisms transfer
between geographically separated sea areas (Rigby and Taylor, 1999; Humphrey, 2008;
Amoaka-Atta and Hicks, 2002). It is estimated that more than 3,000 species of animals and
plants are transported daily around the world in ballast water (NRC, 1996) and at least one
foreign marine species is introduced into a new environment every nine weeks (Akeh, et al.,
2005).
The inability of some vessels equipped with type-approved ballast water treatment systems
(BWTS) pursuant to IMO guidelines G8 to meet the requirements of the D-2 standard has
been the major concerns of operators and shipowners with respect to the BWM Convention.
These concerns were presented at the IMO's marine environmental protection committee
(MEPC) meetings. As consequence of the complaints about the failure of the type-approved
systems, a comprehensive review of the technical standards and approval testing procedure
in guidelines G8 were proposed at the 67th session of the MEPC. The proposal was for the
type-approval testing system in G8 to be made sufficiently robust and consistent.
Ballast water management methods such as Ballast Water Exchange (BWE) as well as
Shipboard Treatment are the most well-known methods acknowledged by the IMO.
However, studies by Wesley et al. (2006) and by Ruiz and Reid (2007) have shown that the
exchange efficiency of BWE did not meet IMO's requirement. The IMO, therefore, stipulates
in the BWM Convention that all new ships (i.e ships constructed from 2009) should have a
Ballast Water Treatment Systems (BWTS) on board and all existing ships (i.e ships
constructed before 2009) should have BWTS retrofitted on board by 2016.
However, the shipboard treatment system might have some possible comparative downsides.
Oemke (1999), Donner (2010) and Kuroshi (2012) have identified economies of scale,
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proficiency of operators, spatial advantage, redundancy, affordability, the safety of crew as
some of the advantages the onshore treatment system might have over the shipboard system.

Figure 4: Pre-loading onshore (PreOBWTS), shipboard and post-loading onshore BWT
methods.

Regulation B-3.7 of the BWM Convention accepts the use of "alternatives" for the treatment
of ballast water so long as "such methods ensure at least the same level of protection to the
environment, human health...", as required by Regulation D-2. This informed the need,
therefore, to explore other possible treatment systems/methods. A post loading onshore
treatment system (i.e treatment of ballast water at the end of the voyage) looks promising but
unfortunately, it also has some limitations with respect to ship lightering and ship delay
identified by Oemke (1999), Kuroshi (2012) and Kuroshi et al. (2013).
There is, therefore, the need to investigate further, other possible onshore ballast water
treatment systems which could address the above-identified inherent limitations. Kuroshi
(2012) however, proposed Preloading Onshore Ballast Water Treatment System
(PreOBWTS) as a practical alternative which should be established in every port (host port).
PreOBWTS is a preventative and Last Port of Call (LPOC) solution, and it allows for the
treatment of the harbour water of the port before it is uploaded as ballast water into a ship
(Figure 4!and!Figure 5). A unique aspect of this system is the host port's stable condition as
well as the background knowledge the Port Authority should possess about the biological and
physicochemical characteristics of the host port environment. The system, therefore, is aimed
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at achieving the requirements of regulation D-2 of the BWM Convention by removing
planktons that are characteristically native or resident in that port aquatic environment before
the water is loaded as ballast into the ballast water tank of the ship. PreOBTWS could also
potentially take care of some of the downsides of the existing onshore treatment system (i.e.
Post-loading treatment system) in areas regarding ship lightering, ship delays and space
limitation in the port.

Figure 5: Layout of Pre-loading Onshore Ballast Water Treatment System (PreOBWTS)

2.3. Exemption from BWM under Regulation A-4 of the BWM Convention
Certain ships, however, can be exempted from the requirements of BWM subject to risk
assessment under Regulation A-4. The BWM Convention Regulation A-4 has enabled parties
to grant exemptions to ships from applying the requirements of Regulation B-3 (on Ballast
Water Management) or Regulation C-1 (on measures additional to those in Section B of the
convention). This is applicable on the condition that there is no mixture of ballast water from
different sources and other port locations. The exemption which should be recorded in the
Ballast Water Record Book (BWRB) is for a period of five years’ subject to intermediate
review.
Whenever the conditions between two bioregions or ports are similar, the survival capacity
of an introduced aquatic species increases thereby raising the level of invasion risk in the
recipient area. The conditions under which an exemption from the requirements of Regulation
B-3 of the convention may be granted should be such that no such similarity exists between
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the two ports. The provisions for exemption are stipulated in Regulation A-4 and completed
by Guidelines G7.
Because resources are limited, risk assessment enables parties in the evaluation of
vulnerabilities to determine preventive and protective measures to enhance preparedness and
the efficiency of mitigation measures. The purpose of the risk assessment process is to ensure
that ships with low risks level are not burdened with the requirements of B-3 (ballast water
management) in cases where the ship undertakes any or a combination of the following:
frequent voyages on a specific route; operates exclusively between specified ports or
locations; voyages cover short distances; where there is no mixing of the ballast water. The
need for risk assessment is justifiable only of course if the cost of conducting it is less than
the cost of undertaking ballast water management.
2.3.1 Risk Assessment Methods for exemption under G7 Guidelines
The Guidelines for Risk Assessment under Regulation A-4 of the BWM Convention (G7)
defines risk assessment as a logical process for assigning the likelihood and consequences of
specific events, such as the entry, establishment, or spread of harmful aquatic organisms and
pathogens in an area. Theoretically, an efficient risk assessment must have the decisionmaking capacity at the end of the day to distinguish between the different levels of risk (high
or low) and should cost less than all the available risk mitigation measures (Barry et al, 2008).
The risk level (low, medium and high) should be determined in consultation with
neighbouring party states. The Port Authorities and ship-owners have the responsibility to
ensure that human-induced barriers are introduced between the hazard and recipient
bioregion (sink). All successful introduction reducing policies should be able to create
human-induced barriers for species from entering a recipient port without impairing the
primary purpose and utility of shipping (which is ‘trade’) and ballast water (which is a safety
measure).
The

Guideline

G7

has

identified

effectiveness,

transparency,

consistency,

comprehensiveness, risk management, precautionary, science-based and continuous
improvement as the key elements for an effective risk assessment. It also outlined three risk
assessment methods that should be applied as prerequisites for granting exemptions to ships
from the requirements of Regulation A-3. These methods could be applied singularly or in
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combination in the risk assessment process depending on the location of the bioregions
involved and available resources.
Risk assessment can help a port state in deciding whether a port state should apply a uniform
management approach (blanket) or a selective risk assessment approach as the most suitable
in each circumstance. The selective approach is analogous to the "same risk area" concept,
because it is believed to reduce the number of ships subject to ballast water controls and
compliance monitoring, and by placing fewer restrictions on ‘low risk’ vessels. As
consequence, ample time and funds would be available for vessels coming from high-risk
locations. This is because the trading routes or ships which have a significant probability of
harmful species introductions have been identified. The three risk assessment methods that
should be applied as prerequisites for granting the exemption as stipulated in G7 are:
2.3.1.1 Environmental Matching Risk Assessment
This methodology compares the environmental conditions between donor and recipient ports.
This comparison of environmental similarities gives a relative measure (qualitative) of the
risk of successful species introduction, establishment, and invasion. Temperature and salinity
levels are the only data required for this methodology. The purpose of the method is to
determine whether the conditions prevailing in the donor port are compatible with those
prevailing in the recipient port. The more environmentally similar (with respect to salinity
and temperature difference) the donor and recipient ports are, the higher the risk of
introduction of organisms discharged via ballast water.
'
()*+

= ΔSalinity X ΔTemperature

Equation 2.1

This methodology is best deployed in situations where there is inadequate information about
the range and type of species that could be introduced. The comparison in this methodology
should be between donor and recipient located in different bioregions.
A major downside of the environmental matching risk assessment method is the fact that a
lot of harmful aquatic species have a wide range of temperature and salinity tolerance. This
is in view of the limited amount of data (just temperature and salinity) needed for this
methodology. Another drawback of the method is that information regarding the relationship
between the environmental conditions and the establishment and survival of species as well
as the natural interaction between various species are also not provided (Barry et al., 2008).
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2.3.1.2 Species’ bio-geographical risk assessment
The distribution of indigenous and non-indigenous species already introduced and
established in both donor and recipient regions are compared with regard this methodology.
Data from previous invasions are examined. The introduction of a naturally occurring species
from a donor area to recipient area within a similar bio-geographical area which is free of
that species results in a high-risk scenario. More data is required for this risk assessment
methodology than in environmental matching risk assessment; just salinity and temperature
data (Figure 6). It is, therefore, a costlier method than environmental matching method (Meer,
2012; Rees et al., 2010).

Figure 6: Risk Assessment Methodologies and their Requirements

2.3.1.3 Species-Specific Risk Assessment
This involves the investigation of ‘target species’ that are already implicated in biological
invasions with particular reference to the environmental parameters characterising the
recipient bio-geographic region by estimating the target species potential for survival in the
recipient area. The risk in this method is directly linked to an individual species characteristic
and is usually used to overcome the drawback of the environmental matching methodology
(Meer, 2012). Although this method is reputed to be much more accurate than the two
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previous methods, the huge data requirement by the method could be its drawback (Figure
6). A much more comprehensive port baseline survey data is requisite to the success of this
method.
2.4 The Approaches to Risk Assessment
The Ballast Water Management (BWM) Convention in regulation A-4 and its associated
Guidelines G7 has a provision for exemption for ships from complying with BWM
requirements.

The exemption,

therefore,

could

be

either

based

on traditionally

recognised individual port-to-port risk assessment approach or Same Risk Approach (SRA)
2.4.1 Port-to-Port Approach
Risk assessment (RA) under Regulation A-4 of the BWM Convention was designed mainly
for a port-port arrangement. In this approach, individual ports or in collaboration with other
ports are required to conduct RA based on any of the established or a combination of RA
methodologies (Figure 6) to establish the port’s biological and physicochemical baseline, its
vulnerability and the threat it presents to other ports or bioregions.!
2.4.2 Same Risk Area (SRA) Approach
The concept of natural dispersion of species might not be a sufficient ground for exemption
under the Same Risk Area (SRA) context in view of contemporary issues like climate change
and new Arctic trade routes emergence. The established requisite hydrodynamic boundaries
for the natural dispersion of species are expanding with respect to the emergent
contemporaneous issues. The SRA Concept is not part of the exemption regime under BWM
Convention Regulation A-4 yet. However, proposals have been received by the IMO from
Denmark at MEPC 69 and Singapore at MEPC 70 for the introduction of SRA as a
complementary approach to exemptions, which could facilitate the granting of exemptions
by the Members States to multiple “ships” on multiple “voyages” between multiple
“specified ports or locations”. Although Regulation A-4 contains such provisions, it is
however not explicitly outlined.
The SRA approach was proposed by Denmark and Singapore and formally submitted at
MEPC 69 and 70 respectively. It is a concept for the implementation of the Ballast Water
Management (BWM) Convention that addresses the situation where a limited area served by
short sea shipping includes several ports in proximity in two or more countries.

15!
!

SRA is defined in MEPC 69/INF.25 as “a body of water characterised by an equal risk level
from the natural dispersal of target species” (IMO, 2016a). Whereas a contrasting definition
was provided by Singapore in the document MEPC 70/INF.21 as “an area delimited by
the high probability of natural spread of target species that potentially present a risk of bioinvasion via ballast water” (IMO, 2016b;2016c).
SRA as an area-based risk assessment concept can be used as a risk assessment method to
grant exemptions to vessels operating within a designated area of interest by applying a
single risk assessment to all ports and locations within the area. This can be achieved by
estimating the zones of dispersal resulting in an acceptable low-risk scenario for invasive
species transfer.
SRA is therefore proposed as an exemption procedure under the BWM Convention
Regulation A-4, based on identified target species risk assessment, where an area with
acceptably low risk of transfer of target species via ballast water compared to natural dispersal
over time is defined. The exemption granted is to vessels operating exclusively in the area or
not mixing water and sediments originating from outside of the area with water and sediments
of the area.
2.4.2.1 The Concept of Marine Connectivity
An important element in an SRA analysis is the concept of ‘marine connectivity’ which
MEPC 69/INF.25 referred to as “the coherence between (sub)-populations of a
species, i.e the extent populations receive and deliver individuals from/to each other”.
Understanding the phenomenon of natural dispersal is germane to SRA analysis. Marine
connectivity is usually evaluated based on the inherent connections between habitats,
populations, marine protected areas and other types of administrative boundaries (IMO,
2016a).
MEPC 69/4/15, for example, proposed that exemption based on SRA should be based on the
multiple-connectivity of the ports in focus. This means the connectivity with respect to the
flow of natural dispersion should be multi-directional as in Ports 1, 2 and 3 (Figure 7).
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Figure 7: An example of a multi-directional connectivity of three ports (Source: IMO, 2016c).

3.4.2.2 The Concept of Proportionate Approach to Exemption
The concept of proportionality in SRA is a cost-benefit analysis of the exemption process.
The concept establishes the proportionality of the SRA risk assessment leading to regionalbased exemption where the potential low risk presented by short-sea shipping voyaging
through a body of water (shared by multiple States) clearly defined by hydrodynamic
properties and where species of interest are naturally dispersed over time is recognised. The
cost of installing BWM System therefore with respect to SRA may not be proportionate to
the benefits in many such circumstances.
2.4.3 Theoretical Comparison of Regional-Approach (SRA) Versus Port-to-Port
Approach.
A regional approach such as SRA encourages greater transparency, consistency, and
efficiency than individual port-to-port assessments. It is more comprehensive than port-toport approach because of the sheer critical mass of required information for the study. Both
are evenly precautious (IMO, 2016c). Ports are defined as bi-directional nodes in the SRA
approach in contrast to the unidirectional description of being either a source or a receptor of
potential harmful aquatic organisms and pathogens (HAOP) in the port-to-port approach.
2.4.4 Potential Methodologies for SRA
The following three models which describe different features of the North Sea were adopted
for the SRA:
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1. The DUE Innovator II Model- This is a semi-quantitative Ballast Water Exchange (BWE)
risk assessment model which designates areas in the North Sea and the Baltic Sea where
BWE could be performed (Meer, 2012). The tool was not developed for the purposes of
BWM exemptions but to describe the risk of BWE in the North Sea and the Baltic Sea.
2. The DHI Hydrodynamic Model- It is a quantitative stochastic physical transport model of
North Sea and Baltic Sea used to model the translocation of species through the North Sea.
The model can determine a particle probability in a two-way direction (downstream and
upstream).
3. The GETM_ERSEM Model- It is a mathematical 3D hydro-dynamical ecosystem
model which describes the dynamics of a full marine ecosystem in the North Sea. It gives a
description of the biological and physicochemical processes and their interactions in both the
water column and on the bottom (Meer, 2012).
2.4.5 Summary
G7 is majorly a port-to-port risk assessment guideline that does not take account the natural
dispersion of organisms. The phenomenon of the natural dispersal of organisms was not
considered in the guidelines. It does not also factor the common interests of several states in
an area or take into account the levels of risk from the natural dispersion of target species. In
view of these, integrating the SRA concept into the exemption application process might be
the most appropriate action for the immediate future by the International Maritime
Organisation (IMO). This conclusion corroborates a similar one in the document
MEPC/70INF.21.
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3. ANALYTICAL FRAMEWORK OF RESEARCH
3.1 General
The International Maritime Organisation (IMO), as well as marine environmental
researchers, are yet to arrive at a conclusive solution to the negative impact the introduction
of Harmful Aquatic Organisms and Pathogens (HAOP) via ship’s ballast water has on the
global marine ecosystem. Relatively, very few BWM Systems have been given IMO final
approval in line with both guidelines 8 and 9 (IMO, 2008a; IMO, 2008b), and these systems
are mostly for shipboard application. There are also uncertainties trailing the performances
of some of the IMO type-approved systems with respect to the D-2 standard as reported at
MEPC 68 by the correspondence group.
Despite the number of BWM Methods or Systems around the world, there is still a massive
dearth in research literature regarding the evaluation of the performances of these systems or
methods with respect to the BWM System evaluation criteria of the IMO which are: safety,
environmental acceptability, practicability, biological and cost effectiveness (IMO, 2005).
The evaluation of BWE, post-loading and shipboard treatment systems with respect to IMO
criteria by SWRCB (2002) was just a report on their performance with neither field nor expert
data to support a rigorous and robust decision making with respect to the evaluated
alternatives in the study. This is perhaps because most of the IMO’s criteria for evaluating
BWM Systems can only be qualitatively or subjectively measured. Evaluation of BWM
Systems and selection of the optimal management method based on IMO’s multiple
evaluation criteria is, therefore, a multi-criteria decision-making problem in fuzzy
environment and shall, therefore, require the use of a Fuzzy Multi-Criteria Decision Making
(MCDM) methodology. Multiple criteria techniques based on the principles of fuzzy set
theory (FST) have the reputation of modelling imprecise and vague information especially
with respect to decision making. Ashu (2013) for example used intuitionistic fuzzy set
principles to locate a badly-behaved salesman using only linguistic and imprecise information
such as the colour of hair, height etc. Ahmad et al. (2010) used a similar technique to help
apprehend the culprit in a hit and run accident situation based on split-seconds descriptive
information on the culprit obtained at the scene of the accident from passersby.
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With regards to ballast water management methods evaluation, there is currently no study
that used the fuzzy multiple criteria decision making (FMCDM) methodology with respect
to IMO’s criteria; Safety, Environmental acceptability, Practicability, Biological and Costeffectiveness (SEPBiC) in evaluation and selection of BWM System. The only study in
literature that is the closest was by Jing et al. (2013), where they used a novel hybrid fuzzy
stochastic analytic hierarchy process (FSAHP) approach to evaluate ballast water treatment
technologies with respect to some eight (8) criteria; efficacy on organisms, efficacy on
organics, adaptability to harsh environment, capital cost, O & M cost, human risk, ecological
risk, and waste production. The criteria were not exactly the IMO’s 5 criteria. The treatment
systems (alternatives) evaluated were all within the subset of shipboard ballast water
treatment. But this study is considering the main categories of ballast water management,
which are thus; shipboard treatment, ballast water exchange, post-loading onshore and preloading onshore ballast water management (PreOBWTS) methods as alternatives. The
relative viability of PreOBWTS (which is a novel treatment concept introduced by this work)
with respect to the other BWM Systems has not been researched by any study yet, especially
using a multi-criteria decision making (MCDM) methodology.
In view of the multiple criteria nature of the problem therefore, this study shall seek to
establish PreOBWTS’ comparative suitability with respect to the other three BWM Systems
of ballast water exchange (BWE), shipboard BWTS and post-loading onshore BWTS by
subjecting the management systems to multi-criteria decision making (MCDM) methodology
and also to design with respect to the stipulated IMO criteria a conceptual model of BWM
System that will be fully compliant with all the requirements of the BWM Convention.
This research is utilising the following methodological approaches for both the design of a
conceptual model of managing ballast water and the evaluation of the main concepts of ballast
water management with respect to their safety, environmental acceptability, practicability,
biological and cost effectiveness.
3.2. Intuitionistic Fuzzy Multi-Criteria Decision Making
Fuzzy set theory introduced in 1965 by Zadeh is a modelling language suited for modelling
uncertainties and imprecision especially with respect to complex problems. It provides a
model for approximate reasoning. Fuzzy logic provides a more realistic framework for human
reasoning than the traditional two-value logic (e.g. true or false; 0 or 1) (Zadeh, 1965).
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The huge reluctance and scepticism that greeted the introduction of the then 'novel' modelling
concept of fuzzy logic when it was first introduced especially in America soon afterwards
gave way to massive recognition when the Japanese used the principles successfully in the
washing machine, automatic gear systems of automobile, cranes and many intelligent
systems. In 1986 Atanassov extended Zadeh's fuzzy set logic to develop a new concept of the
intuitionistic fuzzy set which is much more suitable to deal with vagueness by factoring a
decision maker's hesitation when making decisions in the absence of data. It mimics the
human mind during decision making much more accurately than classical fuzzy set theory
(FST). The definitions and further discussions on the concepts are provided in this
dissertation's appended paper 3 (or Kuroshi and Ölçer, 2016).
Fuzzy Multi-Criteria Decision Making (FMCDM) tool is a complex decision-making
methodology where both quantitative and qualitative variables are considered in the
analytical process. Some successful studies on problems with multiple criteria have been
carried out using Fuzzy Multi-Criteria Decision Making (FMCDM) methodology. FMCDM
has enjoyed tremendous peer reviews in the last few years where they are adjudged to be
accurate and effective decision-making tools for multi-criteria decision-making problems of
evaluation and selection of optimal alternatives, especially where there is ambiguity or
imprecision with data (Choudhary & Shankar, 2012). This is not unconnected with the
methodology’s capacity to use fuzzy numbers to express linguistic variables appropriately.
A novel hybrid fuzzy stochastic analytic hierarchy process (FSAHP) approach, for example,
was used by Jin et al., (2013) to evaluate ballast water treatment technologies with respect to
some eight (8) criteria; Swain (2013) used fuzzy TOPSIS in supplier selection problem.
Choudhary and Shankar (2012) used hybrid fuzzy AHP-TOPSIS for the evaluation and
selection of thermal power plant location. Emblemsvag and Tonning (2003) for example,
used the Analytic Hierarchy Process (AHP) to design a decision support for identifying the
preferred maintenance organisation for a specific weapon system for the Norwegian army
using subjective criteria like risk and sustain usage. Guler (2008) used the Fuzzy AHP to
select the right supplier for a manufacturing company, while Siddiqui et al. (2010) employed
the methodology in the analysis of enterprise service buses using information security,
interoperability, and high availability as criteria. Lotfi and Solaimani (2009) also used the
AHP to create a framework for objective measurement of urban quality of life, which was

21!
!

later used for comparative study of two northern cities of Iran. Bathrellos and Skilodimou
(2007) used the methodology to create an erosion risk map. They used a database from factors
that influence erosion such as slope, lithology, drainage density, tectonic feature density, land
use and rainfall (by integrating the method with GIS) to estimate the overall erosion risk and
create an erosion risk map. While in Brazil, the methodology was used successfully by Lima
et al. (2007) to evaluate relevant criteria for the hiring as well as for choosing domestic air
cargo companies. Gosh (2011) on the other hand, used a combination of both the AHP and
Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) to evaluate faculty
performance in engineering education where criteria such as subject knowledge, method of
teaching, communication skill, accessibility, discipline, and behavior were used to develop a
model for ranking the available alternatives.
In the medical field, fuzzy AHP (FAHP) was used by Padma and Shantharajah (2012) in the
analysis of the occupational risk factors associated with shoulder and neck pain. FAHP was
used as an evaluation tool to measure the significance of the risk factors. Volaric et al. (2006)
used a combination of FAHP and TOPSIS to select a suitable multimedia application for
learning. In the financial sector, Aliakbarzadeh and Tabriz (2014) also deployed FAHP and
TOPSIS to evaluate and rank the performance of branches of a bank in Iran. In the field of
information technology, FAHP and TOPSIS were again used to select the best operating
system for computer systems of some firms in Turkey. In the aviation industry, Tsaur et al.
(2002) used the same fuzzy MCDM combination of AHP and TOPSIS to evaluate the service
quality of an airline in Taiwan. In the field of naval architecture, Ölçer and Odabasi in 2005
presented a new FMADM methodology, which was utilised in the selection of
propulsion/manoeuvring system for a passenger ferry in Turkey with respect to seven
attributes in which one was objective and the rest subjective.!Kahraman et al (2003) used
fuzzy analytic hierarchy process (AHP) by a Turkish manufacturer to select the best supplier
for a new model of aspirators from a list of highly competitive potential suppliers.
Lazim and Wahab (2010) used fuzzy MCDM in evaluating the service quality of ferry that
transport customers between the mainland of Peninsular Malaysia and a tourist spot island.
The outcome of the research was used to help the ferry company to better understand how
the customers view their services. Some similarity measures between two triangular fuzzy
numbers (TFNs) were used to aggregate decision information with respect to the hiring of a
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suitably qualified candidate for a job out of four candidates by Zhang et al. (2013). The hiring
criteria were emotional stability, oral communication, education, work experience,
personality, and self-control.
Keropyan and Lafuente (2011) used a fuzzy MCDM to demonstrate the effects of different
decision styles (e.g. analytic, conceptual, directive and behavioral) and five kinds of strategic
decisions (e.g. new business investment, new product introduction, decisions under pressure,
decisions with uncertainty and decisions among threat/crisis) on strategic decisions and on
an organisation. A service failure model; a fuzzy Delphi method was proposed by Chen
(2014). The technique was used to establish a service quality improvement strategy and
resource allocation plan. Das and Guha (2016) used a novel centroid-based ranking method
of trapezoidal intuitionistic fuzzy numbers (TrIFNs) in choosing the best location to install
an aerospace research organisation centre. Factors such as geographical position, climate
condition, safety factor, functional area, and pollution factor were used for the selection
process.

Figure 8: Distribution of publications on Fuzzy MCDM in the last 20 years (Mardani et al.,
2015).

There is a tremendous increase in the number of research papers published on the FMCDM
methodology, especially in the last couple of years (Figure 8). Mardani et al. (2015) for
example, reviewed 403 papers published between 1994 and 2014 on FMCDM. They
discovered that researchers have published more papers in 2013 than in any of the last twenty
years (Figure 8). Fuzzy AHP had about 103 published papers within the period, Fuzzy
TOPSIS had 79 and Hybrid FMCDM had about 141 published papers.
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3.3 Axiomatic Design Principles
After establishing the problem nature as multiple criteria decision making (MCDM) problem
in a fuzzy environment, a robust procedure was used to evaluate and select the most suitable
MCDM technique for evaluating the ballast water management concepts with respect to IMO
criteria. The most appropriated MCDM techniques in literature in the last 20 years were
evaluated as the alternatives with respect to criteria such as ease of use, wide applicability in
literature, technical compliance of proposed model with the problem nature, the closeness of
previous methodologies for similar cases in academic literature and affordability (Figure 9).
Axiomatic Design (AD) was eventually selected as the most suitable MCDM technique for
evaluating ballast water management systems with respect to the IMO criteria. The selection
process and justification is presented in Kuroshi and Ölçer (2016) or appended paper 3 in this
thesis.

Figure 9: Hierarchy for evaluation technique selection for Ballast Water Management
Method.

Suh (2003) defined design as the interplay between what a customer wants and how strategies
can be deployed to satisfy it. The objective of this section is to show how the Independence
Axiom of Axiomatic Design can be used to systematically design the conceptual appropriate
ballast water management method that will be compliant with the BWM Convention. The
principles of AD were used to identify all the needs that an "appropriate" management
method should satisfy to comply with the BWM Convention. A successful design approach
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according to Sheikh and Nazemi (2011) should have a description of 'what we want to
achieve' referred to as the Functional Requirement and the 'strategy' or the ' how we want to
achieve them' referred to as the Design Parameters (DP). DPs are responses to the design
needs expressed in terms of FRs. The uniqueness of using the AD principles in this study is
to ensure that every need of the maritime world regarding the management of ballast water
expressed as FRs is solved with an appropriate strategy or solution expressed as the Design
Parameters (DPs).
Functional Requirements (FRs) are the minimum set of independent requirements that
characterise the functional needs of the ideal BWM method. The Design Parameters (DPs)
are the variables in the physical domain that characterise the design that satisfies each FR.!
The AD principle is based on some design concepts: Design Domains, Zigzagging,
Decomposition and Design Axioms.!
The Design Domains are four: Customer, Functional, Physical and Process Domains (Figure
10). Every successful design is based on these four domains. The domains on the right are
the solutions to the needs expressed in the domains on the left. The needs of the customer are
expressed in the customer domain. The customer in the case of this study is the IMO and all
the stakeholders referred to in the preamble of the BWM Convention as the “parties” to the
Convention. The ‘needs’ in the customer domain are further transformed or mapped into
functional requirements in the functional domain. The functional requirements are now
mapped into the strategies for satisfying them in the physical domain referred to as the design
parameters (DPs). A further mapping is done into the process domain whenever there is a
need to manufacture the products specified as DPs in the physical domain.

Figure 10: The Four Design Domains of Classical Axiomatic Design (Suh, 2005)
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In the conceptualization of an appropriate BWM System to satisfy a set of needs that are
requisite to BWM Convention compliance, the functional requirements are the first things
the designer should establish. Then the strategies or DPs to satisfy these requirements are
developed. These DPs are basically the design solutions for each of the functional
requirements. The conceptual design solution for an appropriate BWM System has five
primary design solution components. The components are safety, environmental
acceptability, practicability, biological and cost effectiveness.
Axioms are truths which cannot be derived and do not have counter examples (Suh, 2005).
There are two Design Axioms that govern the design process of any successful product or
system: Independence and Information axioms.
Axiom1: The Independence Axiom- Maintain the independence of functional requirements
(FRs).
Axiom 2: The Information Axiom- Minimise the information content (IC) of the design.
The Independence Axiom states that the functional requirements (FRs) must always be
independent of one another by choosing appropriate design parameters. The Independence
Axiom requires all the Functional Requirements (FRs) of a system, artefact or process or in
the case of this study, an appropriate BWM System, to be maintained.!
In AD, a product or a design is produced or developed based on its intended functions. These
functions are further decomposed into sub-functions in cases where the designated strategies
for each function are too simplified or not detailed enough or practical enough to satisfy the
functional requirements. This is achieved through the process of zigzagging and
decomposition (Figure 11).

Figure 11: Zigzagging and Decomposition in Axiomatic Design (Adapted from Suh, 2005)
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Using the AD’s Independence Axiom both Helander (2007) and Bang and Heo (2009)
reduced couplings in human-machine interface and nanofluid system respectively. The axiom
was also used to improve nuclear safety and performance of a DVD design by Heo and Lee
(2007). Redundancy and coupling problems were eliminated in the journal bearing design
using the independence axiom of the technique (Hirani and ve Suh, 2005). Lo and Helander
(2007) developed a method using the independence axiom to identify and eliminate
couplings. Lee and Shin (2008) used it to develop the design of water jet nozzle for cleaning
TFT and LCD screens. A nuclear fuel spacer grid design was proposed by Shin et al. (2008)
using the technique’s axiom.
Thompson et al. (2009) also employed AD as a scientific base for the design of educational
courses and curricula. AD principles were also used in product design by Suh (1990; 1995);
Jang et al., (2002); Lee et al., (2003); Kim et al., (2003); Thielman et al., (2005); Schnetzler
et al., (2007); Lo and Helander, (2007); Shin et al (2008); and Ferrer et al., (2009) applied
the principle in system design. In manufacturing system design (Suh et al.,1998; Cochran et
al., 2000; Kulak, Durmusoglu and Tufekci, 2005; Kulak, Durmusoglu and Kahraman,
2005; Houshmand and Jamshidnezhad, 2006; Schnetzler et al., 2007; Nakao et al., 2007;
Durmusoglu and Kulak, 2008), software design (Kim et al.,1991; Gunasakera and Ali, 1995;
Harutunian et. al, 1996; Cochran et al., 2000; Suh and Do, 2000; Bae et al., 2002; Jang et al.,
2002; Chen et al., 2003; Lindkvist and Soderberk, 2003; Yi and Park, 2005; Ferrer et al.,
2009), decision making (Goel and ve Singh, 1998; Jang et al., 2002; Kulak and Kahraman,
2005a, 2005b; Nakao et al., 2007; Kahraman and Cebi, 2009, Celik, Kahraman, et al., 2009;
Celik, 2009a, 2009b; Li, 2013; Khandekar and Chakraborty, 2015), and others (Donnarumma
et al., 2002; Huang and Jiang, 2002; Lee et al., 2003; Suh, 2005; Celik, 2009a, 2009b, 2009c).
3.4 The Theory of Inventive Problem Solving (TRIZ)
The resultant design matrix from the application of axiomatic design (AD) principles might
be fraught with unexpected interactions between a design parameter (DP) and more than one
functional requirement (FR). This violates AD’s independence axiom that requires all good
designs to have FRs which are independent of each other. The Theory of Inventive Problem
Solving (TRIZ) proposed by Russian inventor Altshuller is used in this work to reduce the
couplings (unexpected interactions) between the functional requirements (FRs) and design
parameters (DPs) in an axiomatic design matrix to enhance the designs performance and
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robustness. The concept of decoupling (coupling reduction) is explained further in chapter 5
and appended paper 4 of this thesis.
The concept of TRIZ is based on the analysis of about 2 million patents from around the
world. It enhances the designer’s capacity for problem analysis and creative solution search.
From the description of these inventions, Altshuller developed the Laws of Technological
System Evolution from the most effective solutions obtained from a worldwide database of
different engineering fields. Substance field otherwise referred to as Sufield is a concept of
TRIZ based on the triad system of minimal technology, where object-tool-energy interaction
is analysed. The elements of a triad system are as follows: a tool which is acting on an object
based on a force coming from energy. Any system that has not attained ideality should still
have substance or field resources to be utilised to improve it and move it closer to ideality
(Savransky, 2000). To improve the effectiveness and efficiency of a design using the concept
of TRIZ, critical couplings in the design matrix need to be identified and then analysed based
on any of the relevant TRIZ concepts such as the Sufield model.
TRIZ is therefore proposed in this study to reduce the likely couplings that might result from
the design of the proposed conceptual model of BWM System. Sufield-AHP analysis is used
for the purposes of analysing and quantifying the identified couplings in the AD design
matrix. The unexpected interactions between the DPs and FRs are all identified, clarified and
the field effects of the different interactions are then estimated by Sufield analysis with the
help of the designer's requisite expert knowledge of the designed BWM system. This analysis
is presented in appended paper 4 of this thesis.
Kim and Cochran (2000) reviewed the different concepts of TRIZ such as Ideality,
contradictions and Sufield model from the standpoint of AD. Yang and Zhang (2000a)
undertook a comparative analysis of both AD and TRIZ, looking at their possible similarities
and relationships using a paper handling mechanism as a case study. Yang and Zhang (2000b)
used TRIZ and AD principle to develop new approaches to enhance robust designs. The
approaches were used to select the appropriate system output response in a systematic fashion
in a large automotive company. Mann in 2002 examined AD principle and its connection to
an evolved version of TRIZ. Both the benefits and the contradictions arising from their
relationship were highlighted. A method for changing coupling design to uncoupled design
by the logical process of TRIZ was presented by Kang (2004). Lee (2005) employed the
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multi-function framework of AD to compensate for the limited capacity of TRIZ to focus on
multiple functions in a system. Shin and Park (2006) showed that there are six patterns for
decoupling a design and that each pattern could be resolved by an appropriate TRIZ
module. The design of a new large-capacity safety injection tanks (SIT) which should help
in mitigating the large break loss of coolant accidents was achieved by Heo and Jeong (2008)
by using AD and TRIZ. Shirwaiker and Okudan (2008) demonstrated via a manufacturing
related case study, the effectiveness of a synergistic application of both AD and TRIZ. Tian
et al (2010) showed that the integration of AD and TRIZ separation principles resulted in an
improved design of heating and drying equipment in bitumen reproduction device. The TRIZ
separation principles were used to separate non-independent design parameters of the AD
matrix hierarchy.
3.5 SHEL Model
The SHEL model is designed by Edward (1972) to help explained how the human element
operating a complex system (e.g. an aircraft) interacts with the other elements in the system
resulting in either an unsafe act or system malfunction (Figure 12). SHEL is an acronym
which stands for software (S), hardware (H), environment (E) and liveware (L). The
operation of most complex systems (such as an aircraft or a BWM System) entails the
interaction of these SHEL components in varying degrees of mismatch and alignment. The
human element in the classical SHEL model is the hub or centre of the interaction. In other
words, the model tries to show how a mismatch in the interactions between the human
component of SHEL and the other elements could lead to errors or unsafe acts and ultimately
accidents in a complex system or process.
The software component of the SHEL model represents operational procedures, regulations
and instruction manuals regarding the safe or optimum operation of the complex system of
interest. The hardware refers to available physical resources e.g. equipment, machinery,
tools etc.; the environment is the operational environment within which all the SHEL
components will be operating, like marine, onshore, stormy, dark, rainy etc. The liveware is
the human component in the front line of interacting with the other SHEL components e.g.
aircraft crew, ship crew, ballast water management system operator etc. Edward's SHEL
model was however modified by Hawkin's model (Figure 12) with the addition of an extra
liveware to model the interactions between a central liveware (system operator) with the other
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elements of the system; software, hardware, environment and other livewares within the
system’s operational environment.

Figure 12: Edward’s and Hawkins’ SHEL Models of Human-Factor

Studies have attributed approximately 80% of accidents in the shipping industry to human
performance or human error (Lucas, 1997), over 70% in the aviation industry (Hawkins,
1993; Dumitru and Bosçoianu, (2015) and Leape et al in 1995 estimated 58% in the medical
industry. Dumitru and Bosçoianu (2015) however acknowledged that errors attributed to
humans may be a result of flaws in design (i.e. hardware defects), incorrect procedures or
operating manuals, poor or absence of training (these are software related issues). Although
the SHEL model was originally designed to analyse the role of the human factor in aviation
accidents, it has been deployed also in non-aviation industries. In this study, the SHEL model
is used to analyse the role of human factors in ballast water management operations. Detailed
discussion on this is presented in chapter 4 of this thesis.
3.6 Human Factor Analysis Classification System (HFACS)
The HFACS taxonomy from Wiegmann and Shappell (2001; 2003) is a human error
framework for investigating and analysing the human causes of accidents at all levels of a
system. It is a modification of the Swiss Cheese Model by Reason (1996). The following four
levels of error and their subsets have been identified in the HFACS model: unsafe acts,
precondition for unsafe acts, organisational influences, and unsafe supervision (Table 1).

30!
!

Table 1: HFACS Taxonomy (Wiegmann and Shappell, 2003)

Unsafe Acts (Level 1)
Errors

Violations

Decision

Skill-based

Perceptional

Errors

Errors

Errors

Routine violations

Exceptional
violations

Preconditions for Unsafe Acts (Level 2)
Environmental Factors

Condition of Operators

Personnel Factors

Physical

Technologica

Advers

Adverse Physical/Menta

Crew

Personal

l

e

Physica

Resourc

Readiness

Mental

l State

l Limitations

e Mgt

State
Unsafe Supervision (Level 3)
Inadequate

Planned

Failure to Correct

Supervisory

Supervision

Inappropriate

Problem

violations

Operations
Organisational Influence (Level 4)
Resource Management

Organisational Climate

Operational Process

Although originally designed for accident investigation within the aviation industry, HFACS
has enjoyed applicability also in the maritime and other industries. Celik and Cebi (2009) for
example used the framework in investigating error in shipping accidents. Schröder-Henrichs
et al (2011) effected minor modifications in the HFACS model which they used to review 41
accident investigation reports related to machinery space fires and explosions. Chauvin et al
(2013) used a modified version of HFACS to analyse human and organisational factors in
collisions. The authors discovered that most collisions are by-products of decision errors. A
dedicated Human and Organisational Factors (HOFs) framework is developed by Chen et al
(2013) for maritime accidents investigation and analysis known as the Human Factors
Analysis and Classification System for Maritime Accidents (HFACS-MA). The authors
integrated the HFACS-MA with a Why-Because Graph to analyse the Herald of Free
Enterprise disaster.
In the mining industry, Akyuz (2017) used a hybrid of HFACS and Analytic Network Process
(ANP) to assess potential operational contingencies in a real shipboard accident. Patterson
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and Shappell (2010) used a modified version of HFACS to identify human factor trends and
system deficiencies within mining by analysing incident and accident cases from across the
state of Queensland in Australia. Skilled-based errors were found to be the most common
unsafe act by the authors. Zhan et al (2017) used a hybrid technique of HFACS-RA to identify
and classify human and organisational factors involved in railway accidents.
3.7 Delimitations of Research
3.7.1 BWM System Design
This research whose aim is to develop an optimum ballast water management process is
focused on strictly using the requirements of the BWM Convention to design a conceptual
model of BWM System that is fully compliant with the Convention's requirements for an
appropriate BWM System.
It is a convention-centric design. The need to collate functionality requirements from
customers to optimise existing designs or design new concepts as is the case with traditional
axiomatic design principles was modified with respect to this study. The BWM Convention
was instead used as the source of functional requirements for the intended BWM System
design. Also, the modified concept of AD used in this work does not restrict the solution
space for the design's functional requirements to only physical attributes as is the case with
classical AD designs. Rather, both physical and non-physical solutions were sought and
applied to the different BWM Convention-driven functional requirements.
3.7.2 BWM Systems Evaluation
With regards to evaluation, the alternatives are the major concepts of ballast water
management such as Ballast Water Exchange (BWE), Shipboard treatment of ballast water,
Pre-loading Onshore Ballast Water Treatment System (PreOBWTS) and Post-loading
onshore Ballast Water Treatment System (Figure 3). The purpose is to determine the
appropriateness of shipboard versus onshore management of ballast water with respect to
safety, environmental acceptability, practicability, biological effectiveness and costeffectiveness using linguistic preferences from BWM experts.
The scope of the design and the evaluation process in this research is limited to only the
criteria stipulated in Regulation D-5.2 of the BWM Convention as factors to be considered
in developing and reviewing appropriate BWM Systems. The design process is also limited
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in scope to only the requirements (regulations and articles) stipulated in the BWM
Convention with respect to managing ballast water.
3.8 Summary
The aim of the research is to develop an optimum BWM process as stated earlier. The aim
was achieved using the two axioms of AD principles; independence and information axioms.
The BWM Convention was then used as a guide; the independence axiom was deployed to
design a conceptual model BWM System. The principle was firstly modified using the
SHELL model of accident investigation to determine the solutions to the identified functional
requirements for an appropriate BWM System. The design was further improved upon by the
Theory of Inventive Problem Solving (TRIZ). The information axiom, on the other hand, was
integrated with an extended fuzzy set theory to form a decision-making technique referred to
as intuitionistic fuzzy multi-attribute axiomatic design (IFMAD). This technique was
deployed to evaluate the different concepts of BWM with respect to their safety,
environmental acceptability, practicability, biological and cost effectiveness.

Figure 13: Overall Conceptual Research Framework
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The overall framework for developing an optimum ballast water management process shown
in Figure 13 was grouped into a five-stage process shown in Figure 14 and summarised as
follows:
1.! In the first stage, the problem characteristic was defined as a multi-criteria decisionmaking problem in a fuzzy environment. After which axiomatic design was selected
from a list of the most applied MCDM techniques in the last 20 years, as the most
suitable technique for evaluating ballast water management methods with respect to
IMO criteria.
2.! In the second stage, the information axiom of AD was integrated with intuitionistic
fuzzy set theory (IFST) to form a multiple criteria decision-making technique known
as intuitionistic fuzzy multi-attribute axiomatic design (IFMAD). This technique was
then used to evaluate the four concepts of ballast water management with respect to
the IMO evaluation criteria.
3.! The independence axiom of AD was then used in the third stage to design a conceptual
model or matrix of ballast water management system that is compliant with the Ballast
Water Management (BWM) Convention.
4.! The performance of this conceptual design was then enhanced in the fourth stage by
reducing the couplings in the design matrix using the theory of inventive problem
solving (TRIZ).
5.! In the fifth stage, an algorithm to reduce operator error (as consequence of human
factors) was developed, which entails expert quantification of the impact on operator
performance of some identified human factors.
Stages 1 and 2 are presented in appended paper 3 and published as Kuroshi and Ölçer
(2016) by the Journal of Engineering for the Maritime Environment. Stage 3 of the
framework is comprehensively presented in chapter 5 of this thesis. Stage 3 and 4 are
presented in appended paper 4 of this thesis and is submitted to the Journal of Ocean
Engineering and is under review. Stage 5 is presented in chapter 4 of the thesis.
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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Figure 14: Procedure for Developing Optimum BWM Process
!
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4.0 HUMAN ERROR MANAGEMENT IN BALLAST WATER MANAGEMENT
OPERATIONS
4.1 Overview of Chapter
The aim of this chapter is to develop a methodology that can quantitatively assess and
prioritise the contributions of Human Factors (HFs) in a safety critical system such as a BWM
System and to determine the optimum human error minimization procedure for the system.
To achieve this aim, some human error models were discussed and their contributions in
analysing the causal factors that could lead to errors in BWM operations. The SHEL model
propounded by Edward (1972) was used to show how the mismatches within the SoftwareHardware-Environment-Liveware (SHEL) complex of a typical BWM System operation
could lead to a breakdown of the safety barriers within the BWM System leading to the
discharge of harmful aquatic organisms and pathogens (HAOP). This breakdown or breach
in the safety system is discussed in the chapter with the aid of Reasons’ Swiss-cheese model
(Reason, 1996), where errors were attributed not just to active failures within a safety critical
system but latent sources inherent in the system as well. The Human Factor Analysis
Classification System (HFACS) by Weigmann and Shappell (2003) was used in this study to
classify the identified likely causal factors as preconditions to unsafe acts in BWM
operations. Analytic Hierarchy Process (AHP) provided weighting for each of the Human
Factors (HFs) and Sufield model of the Theory of Inventive Problem Solving (TRIZ) was
used in assessing the impact and subsequently the contribution of each of the HFs to BWM
operation.
Using the tripod methodology of HFACS-AHP-TRIZ, a five-step algorithm was developed
to analyse these human factors (HFs) and an error minimization procedure was subsequently
proposed to improve human performance and minimize the likelihood of an unwanted event
(i.e. the discharged of HAOP) by reducing human error based on the contributions of the HFs
to BWM System operations.
4.2 SHEL Model in BWM Operations
The 'HAOP removal' perspective assumed by the SHEL model in this thesis considers some
task-related interactions that have an influence on the ultimate removal of HAOP from ballast
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water using onshore or shipboard means of managing ballast water. The influence of the
different interactions of the SHEL elements in HAOP removal from ballast water is proposed
by this study to be used to evaluate the ultimate performance of the BWM System. Each
component of the BWM SHEL model represents a building block of the factors necessary for
achieving compliance by the BWM System as expressed in the BWM Convention. !
With respect to the efficient operations of the BWM System in achieving its aim of removing
HAOP from ballast water, in the Hawkins (1993) modified model, the BWM System replaces
liveware as the central hub of the modified model (Figure 15). As the core component of the
modified model, all the other components are to be adjusted or improved upon by way of
training (liveware), appropriate design (hardware), and correct manuals and procedures
(softwares) within the acceptable environmental limits of systems' operations which should
be either onshore or shipboard (environment) to achieve the overall aim of the BWM System
which is removal of HAOP from ballast water.

Figure 15: Modification of Edward’s and Hawkins' Models for BWM Operations Analysis

Some failures within the BWM Systems may be a consequence of poor training, inadequate
equipment or less than an optimal design of the equipment. They could even be a result of
confusing procedures or poor layout of manuals or outright violations of the requirements of
the BWM Convention.
4.2.1 Managing the Mismatches and Fitting the Puzzles in BWM Operations
The mismatches in the elements' interactions with the human element during BWM
operations are consequences of some performance influencing situations known as
performance influencing factors (PIFs). These PIFs or human factors when not managed

37!
!

properly are responsible for some unsafe actions that could breach or create a hole in the
system's protective barriers which may result in an undesirable incident (the discharge of
HAOP) into the surrounding marine environment.
Human error in complex systems like the BWM System may be design-induced or a result
of inadequate equipment, training, or badly designed procedures. The BWM System is a
Liveware-Hardware-Software (L-H-S) system that is designed to function either in a
shipboard or an onshore environment. The operations of the BWM System involve
interactions amongst a complex set of elements whose influence on system's performance
have both human and system dimensions.
The optimum performance of a system will require all the elements responsible for the
efficient performance of the systems to be aligned with each other or fitted like the pieces of
a puzzle as shown in both the Hawkins SHELL model and the BWM-SHEL model (Figure
15). There should be proper alignment in the different interfaces for optimum performance

of BWM System.

Figure 16: The Complex SHELL Puzzles of BWM System

A mismatch in the interface between any two elements of the model (Figure 16) could result
in system failure in the form of error or violation, resulting in system malfunction (e.g.
discharge of HAOP). These interfaces are the contexts in which failures are generated within
the system. The perspectives or contexts of interactions in complex system components could
be either non-human or human factor based.
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4.2.2 The Human-Machine Interfaces (HMI) in BWM System Operations
Decola and Fletcher (2008) reported that 80% of accidents within the maritime sector are
attributed to human related errors. Within the following interfaces lie the sources of the
human related errors in BWM System operation:
1) Liveware-Software (L-S) - inadequate documents or confusing procedures can lead to
errors. Acting on a poorly written document could also induce human error. Proper and
accurately stated instructions or operation manuals can minimise the likely hood of human
error. For example, a clearly stated instruction on the appropriate mesh size of a filter and
how to fix it in the BWM System will minimise the probability of organisms discharge
outside the stipulated performance numerical standard required by the BWM Convention.
Also, familiarity with the BWM Convention and the operations of the ballast water treatment
equipment resulting from the training of operators will engender confidence in safe
deployment of the equipment, minimising human error.
2) Liveware-Hardware (L-H) - adequate training of the human operator in operating the
BWM System equipment could significantly reduce the probability of human-induced
operational errors. Also, ensuring proper equipment design by manufacturers will mitigate
hardware related mismatches. Example, in an L-H interface (i.e relationship between operator
and equipment or machine), human errors emanating from poorly designed equipment like
displays showing for example, erroneous concentration levels of biocides might lead to for
example either excessive application of biocides by the operator leading to discharge of
treated ballast water with environmentally unacceptable biocides concentration levels or
insufficient concentration of biocides leading to discharge of ballast water with organisms
concentration above the threshold stipulated by the D-2 numerical standard.
3) Liveware-Environment (L-E) - environmental conditioning could lead to physical and
mental fatigue in the human operator which could result in an error of judgment.
4) Liveware-Liveware (L-L) (from the modified Hawkins (1993) model)- issues such as
communication barrier due to the difference in ethnicity, education and language barrier
could increase the probability of human error in the operations of a system. The L-L interface
involves communication and collaboration between individuals both at the frontline of
operations and those at the periphery giving instructions and management oversights. The
psychological and physical conditions of the individuals operating the system are factors that
can lead to unsafe acts and consequently system malfunction.
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4.2.3 Non-human Factor Interfaces in BWM System operations
The following non-human interfaces are also responsible for system failure in BWM
operation:
1) Software-Hardware (S-H)- a poorly designed equipment will be incapable of satisfying
the documented required performance standard expected of the equipment. For example, a
poorly designed filtration system within the BWM System may fall short of meeting the D-2
discharge standard required by the BWM Convention. A poorly calibrated device will give
misleading readings of temperature, biocide concentration etc.
2) Software-Environment (S-E) - Regulations, especially regarding BWM may vary
depending on the operating environment of the BWM System. Example, D-1, and D-2
standards are both designed for completely different operating environments. D-1 is designed
strictly, for the shipboard environment, while D-2, although designed also for shipboard
setting, is applicable to the non-shipboard setting. This is because of the proviso in the BWM
Convention for ‘alternative’ systems of managing ballast water in Regulation B-3.7. Training
for personnel operating an onshore BWM System might not necessarily be the same with that
of those operating a shipboard BWM System. A mismatch in this regard may result in
operator error and subsequently system failure. For example, if an onshore BWM System
operator is given a shipboard BWM System training, there will be a mismatch in the
application environment for such training. This might result ultimately in an unwanted event
of the discharge of HAOP.
3) Hardware-Environment (H-E) - Environmental conditions such as excessive humidity
could result in corrosion which could lead to wear and tear in some vital parts of the BWM
System leading to likely functional failures.!
4.3 The Tripod Model in BWM Operations
The Tripod Model of accident causation is a method for analysing accidents based on the
tripod theory. The Tripod Theory of risk management states that managing risks in an
organisation or a system entails the process of initial identification and subsequent
remediation of latent failures within the system (Verhoeve et al., 2004). The model has three
major elements; hazard, event, and target. The event (accident) is where the hazard and the
target are connected. According to Reason (1996), the mechanism of an accident has to do
with the failures within the layers of barriers or defences in a socio-technical system. The
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principles of the SHELL model, as well as Reason's Swiss cheese model (SCM), can both be
incorporated into the tripod model (Figure 17) to analyse an accident retrospectively (as is
often the case) or prospectively.
The SHEL model as a conceptual human factors model depicts the relational interactions
between the human components and other components (software, hardware, and the
operating environment) in a complex system. The model showed how these components
interact with other components to influence human performance, and ultimately leading to
an unsafe act of error which compromises any protective strategy within the system. An error
represents the state in which the mental or physical activities of operator fail to achieve their
intended outcome while a violation is a disregard for rules and regulations willfully by the
operator (Wiegmann and Shappel, 2003; Chen et al., 2013). Examples of errors are decision
errors, skill-based errors and perceptual errors. Violations, on the other hand, include routine
violations and exceptional violations.
The SHEL model was firstly developed by Edward in 1972 (Figure 15) and modified by
Hawkins (1993). The modification by Hawkins (Figure 15) considered the person to person
relational interaction in the scheme of activities.

Figure 17: SHELL and Swiss cheese models fused into a Tripod Model in BWM Operations

The Swiss cheese model of accident causation illustrates that, although many layers of
defence lie between hazards and accidents, there are flaws in each layer that, if aligned, can
allow the accident to occur (Reason et al., 2006). The Swiss-cheese model likens human
systems to multiple slices of Swiss cheese, stacked side by side (Figure 17 and Figure 18). It
was originally propounded by Dante Orlandella and James T. Reason of the University of
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Manchester and has since gained widespread acceptance. It is sometimes called the
cumulative act effect.
The Swiss cheese model of accident causation is used in risk analysis and risk management
in aviation, engineering, and healthcare. Collins et al. (2013) used the Swiss Cheese Model
to analyse the effectiveness of a World Health Organisation (WHO) surgical safety checklist
designed to reduce the incidence of wrong-site surgery. Lubnau and Okray (2004) also
applied the model to the engineering of firefighting systems, aiming to reduce human errors
by "inserting additional layers of cheese into the system", namely the techniques of Crew
Resource Management. The Swiss Cheese Model and two other systemic accident analysis
methods were used by Underwood and Waterson (2013) to carry out a comparative systemic
analysis of the derailment of a train at Grayrrig. The outcome of the study establishes further
the viability of SCM as a viable model for accident analysis. Li and Thimbleby (2014)
introduced a variant of the Reason’s Swiss cheese model called ‘the hot cheese model'. The
hot cheese model is a more realistic model, as it represents defence layers as active and
passive. The model is more flexible and therefore allows for in-depth discussion.

!!!

!
Figure 18: HFACS Framework Integrated into Reason’s Swiss-Cheese Model of Error
Causation in BWM Operation (Modified from Reason, 1990; Ekweozor et al., 2016).

Reason et al. (2006) identified four failure domains, and these are organisational influences,
unsafe supervision, preconditions and specific acts. These domains are the causes of the holes
on our Swiss cheese. In the case of ballast water management, some important examples of
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the Swiss cheese (or human-induced barriers) that are installed are in the form of policies
from the IMO like the discharge standards (D1 and D-2) of the BWM Convention, treatment
or management systems installed either onboard the ship or onshore, flag and port state
control monitoring systems etc (Figure 18).!
Once there is a mismatch at the interfaces (for example between human, hardware, and/or
environmental components), as consequence, a crack/a hole or a breach in the installed
barriers is developed through which a hazard (HAOP introduction) may fall through creating
an unwanted event (HAOP invasion) (Figure 18). An introduction might lead to the
introduced organisms becoming established and subsequently invading the new environment.
The mismatches may arise as result of environmental stressors like fatigue (physical and
mental) leading to incorrect processing of cues and ultimately wrong decision(s) by the
operator(s) (liveware). An operator’s impaired or distorted decision-making capability could
lead to an unsafe act like violations of standard operating procedures (SOP), thereby
breaching the system’s (BWM System) protective barrier and ultimately leading to the
unwanted event of HAOP invasion.
4.4 Human Factor Analysis and Classification in BWM Operations
The Human Factor Analysis and Classification Systems (HFACS) is a human error
methodology for investigating and analysing human causes of accidents (Wiegmann and
Shappell, 2001). HFACS' generic taxonomy classified unsafe acts into errors and violations.
The methodology can be used to analyse the reported underperformance of some typeapproved BWM Systems in satisfying the requirements of the BWM Convention's D-2
performance standard as reported by the correspondence group at MEPC 67! especially the
first-generation type-approved systems. The predominant and traditional way of investigating
accidents resulting from human error is based on retrospective analysis of accident data. The
HFACS methodology shall be used, however, prospectively to analyse a hypothetical BWM
in this part of the study. The generated data shall be with respect to the likely human error
that could emanate from operators’ interaction with the hardwares, softwares, the
environment and other livewares within the BWM operational setting. The probable human
causal factors within a hypothetical BWM operation that could lead to the introduction of
HAOP via ship discharged ballast water shall be identified and analysed. A set of generic
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precautionary safety recommendations will subsequently be made to minimise the errors
leading to the introduction of HAOP.

Figure 19: HFACS Framework from Wiegmann and Shappel (2003)

44!
!

4.4.1 Typical Human Factors in BWM Operations
BWM System is a complex safety critical system that could breakdown because of wrong
decisions at the organisational level resulting in unsafe operating conditions (e.g. poor
equipment maintenance) and unsafe operator conditions like fatigue. This could lead to
unsafe acts like operational errors or violation of standard operating procedures (SOPs)
resulting in an unwanted event (an accident or discharge of HAOP). The operating
environment of modern safety-critical systems is becoming more and more cognitive
reasoning driven than motor-skill driven (Cacciabue, 2000). This is because of the procedurebased and predominantly automated nature of the environment.
Successful operation of a typical BWM System can be said to be attained only when the
requirements of the BWM Convention are satisfied or met. As the underlying causes that lead
to operator or human error (i.e. the immediate cause of an accident), human factors in a
typical safety critical system like the BWM System can be categorized as design (e.g.
automation, poor design), personal (e.g. fatigue, stress), non-technical (e.g. communication,
teamwork) and organisational (e.g. training, manning) related.
The Human Factors Analysis and Classification System (HFACS) taxonomy by Wiegmann
and Shappell (2003) (Figure 19) recognises four levels of error namely; organisational
influences, unsafe supervision, preconditions for unsafe acts and unsafe acts. Some accidents
in many safety critical systems may have originated from high up the HFACS framework
hierarchy, at the organisational influence level, and then cascaded down to the unsafe
supervision level resulting in supervisory practices which create some preconditions for
unsafe acts. These preconditions may have an influence on the operator’s performance,
resulting in unsafe acts of errors and violations of operating rules and procedures leading to
an accident or an unwanted event. Although this is a fact, this study, however, is limited in
scope to examining only the human causal factors at the precondition for unsafe acts level of
the HFACS framework. This is because studies have shown that unsafe acts and
preconditions for unsafe acts are the most prominent human factors risks from analysis of
accident and incident reports (Yan and Histon, 2014). The authors also found out that Crew
Resource Management (CRM), a subset of Preconditions for Unsafe Acts is one of the most
prominent causal factors in accidents.
From Wiegmann and Shappell (2001; 2003) HFACS taxonomy (Figure 19), some of the
human factors (preconditions to unsafe acts) that could be related to a typical BWM
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operations are; fatigue, insufficient training, complex automation, poor communication,
absence of teamwork, inadequate manning, and cultural diversity and are defined as follows:
•! Fatigue (HF1) - mental or physical fatigue related to insufficient sleep or rest may
lead to decrease alertness, poor judgment and wrong decisions that can lead to
accidents.
•! Complex automation (HF2) - Poorly designed or maintained equipment could easily
lead to error let’s say in readings, as a lot of the functions in a complex system such
as a BWM System is largely automated in ships (as well as onshore systems).
Automation is said to create new sets of human errors where an operator tends to
monitor an equipment less frequently and might not notice when the readings, for
example, are not working correctly or that the equipment has even stopped working.
•! Cultural diversity (HF3) - Communication barrier build up in the work environment
as consequence of cultural and language difference where meanings are misconstrued
could increase the likelihood of human errors or accidents.
•! Teamwork (HF4) – A lot of people skill is needed amongst individuals to achieve
organisational objectives especially where individual assignments are essential
subsets of a greater whole. For example, the BWM System's primary goal is the
prevention of the discharge of HAOP via ship's ballast water. To achieve that, a
synergy between individuals from within and outside the ship and the seaport is
imperative.
•! Manning (HF5) - Inadequate manning will result in increased workload and the need
to find shortcuts to efficiency by violating rules and standards operation procedures.
•! Communication (HF6) - Poorly designed, documented procedures, as well as
inadequate supervision, can lead to errors in human performance.
•! Training (HF7) - Inadequate training to handle a given task could lead to an erroneous
performance by operators or even outright violation of laid down rules and
regulations.
4.4.2 Human Machine Interfaces (HMI) in BWM Operations
In a typical complex human-machine interaction during BWM operations, the root causes of
unwanted events (i.e. the discharge of HAOP) linked to human behaviours are referred to as
the human factors in the system’s operation. When these factors influence the performance
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of a BWM System operator for example to make a mistake or wrong decision, the mistakes
or errors are referred to as human errors. Some studies have implicated human characteristics
and behaviours in at least 80% of maritime accidents (Decola and Fletcher, 2008; Rothblum,
2000). As a matter of fact, in the maritime industry, between 84 to 88% of tanker accidents,
75% of fire and explosions, 79% towing vessels groundings and between 89 to 96% of
collisions are attributable to human error (Rothblum, 2000),
This study has grouped the identified incident contributing factors (or human causal factors)
in BWM operation into environmental, conditions of operators and personnel factors within
the HFACS framework (Figure 19). This is situated on the second level of the HFACS
framework; precondition for unsafe acts (Figure 20).
The environmental factors are physical environment (fatigue) and technological environment
(complex automation). Personnel factors include crew resources management (cultural
diversity, lack of teamwork, poor manning, poor communication) and personal readiness
(inadequate training). These factors if unchecked, together affect the operators’ condition
resulting in unsafe acts of errors and violations.

Figure 20: HFACS Preconditions for Unsafe Acts

With respect to managing ballast water, the dynamics of the human, machine and
environment interactions on a shipboard system should not be expected to be the same with
that of an onshore system. This is because of the difference in the interacting elements, the
environment and the uniqueness of the two settings. It is imperative therefore to analyse the
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HMI interactions from the two perspectives. The human-machine interactions are equipment
(hardware) based, people (liveware) based and management system (software) based. The
interaction dynamics is presented in Figure 23, where the livewares or human elements are
shown interacting with the centralised non-human elements.
4.4.2.1 Shipboard BWM System
Within the BWM shipboard system (Figure 21), a ship captain (L1), ship crew (L2), flag state
control (L3) and port state control (L4) officials are the livewares involved in the regular
operations of the system (Table 2). Each of these livewares approaches the operations of the
system with their unique instructions, job descriptions, and training (S1, S2, S3 and S4 for
L1, L2, L3 and L4 respectively). The relationship (or interaction) is represented in a Venn
diagram (Figure 21) as L1-S1, L2-S2, L3-S3 and L4-S4 respectively. The overlaps represent
the interactions or interface between the human (L1, L2, L3, and L4) and the non-human
elements (E, H, and S),

Figure 21: Human Machine Interactions (HMI) in Shipboard BWM Operations

4.4.2.2 Onshore BWM System
With respect to the onshore system of BWM (Figure 22), the livewares are onshore BWM
System operator (L1), ship crew (L2), local environmental authority (L3), and port state
control authority (L4). S1, S2, S3 and S4 respectively represent their corresponding unique
instructions, job descriptions, and training. The relationship is represented as L1-S1, L2-S2,
L3-S3 and L4-S4 respectively and the HMI radial dynamics for both the shipboard and
onshore systems are covered in Figure 23. The definition of all the interacting elements is
provided in Table 2.
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Figure 22: Human Machine Interactions (HMI) in Onshore BWM Operations

According to Reason (1990), the breaches or holes in a Swiss-cheese model are in a state of
flux (dynamic) and are both liveware dependent as well as operations environment
dependent. Inter-bubble and intra-bubble mismatches in Figure 21 and Figure 22 may breach
the systems’ defences resulting in HAOP introduction and subsequently invasion.
Table 2: Interacting Elements in a Typical BWM Operations

S/N SHELL

SHIPBOARD BWMS

ONSHORE BWMS

ELEMENTS
1

E

Shipboard environment

Onshore environment

2

L1

Ship Captain

BWM Operator

3

L2

Ship Crew

Ship Crew

4

L3

Flag State Control (FSC)

Local Environmental Authority
(LEA)

5

L4

Port State Control (PSC)

Port State Control (PSC)

6

S1

Ship captain’s training and job BWM Operator’s training and
description with respect to BWM job description with respect to
operations

7

S2

BWM operations

Ship crew’s training and job Ship crew’s training and job
description with respect to BWM description
operations

8

S3

FSC’s

job

respect

to

BWM operations
description

respect to BWM operation
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with

with LEA’s job description with
respect to BWM operation

9

S4

PSC’s

training

and

job PSC’s

training

description with respect to BWM description
operation
10

S5

Specific

with

and

job

respect

to

BWM operation
instructions

or

Local regulations with respect

procedures from Flag State to to

managed

ballast

water

ship operators (Captain and crew) discharge (effluent discharge
regarding BWM.
11

S6

standards)

Information regarding ship BWM Information regarding onshore
operations.

BWM operations.

12

S8

BWM Convention requirements

BWM Convention requirements.

13

H2

Ship ballast water sampling tank

Onshore BWM reception facility

14

H3

Shipboard BWM System

Onshore BWM System for port

Figure 23: Radial Dynamics Model of Human-Machine Interaction (HMI) in BWM
Operations
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4.5 Proposed Algorithm for Analysis of Human Factor (HF) Contribution in BWM
Operation
To quantify the contributions of the identified HFs to effective BWM operations, the
interactions between the livewares and the non-human elements of the SHELL model is
assessed using the radial dynamics model (RDM) in Figure 23. The radial dynamics model in
Figure 23 represent all the likely human-machine interaction dynamics (HMIs) in a typical
BWM operation onboard a ship and onshore in a port.
The radial dynamics model is a modification of the Sufield model of Altshuller’s TRIZ.
Quantifying the contributions of HF to BWM performance is achieved in this study by using
the following proposed algorithm to determine the relative contributions of the human factors
to BWM operation:
4.5.1 Determination of the Relative Importance of HFs (!) in a Typical BWM Operation
The relative importance (eigenvector) , of each HF can be computed through pair-wise
comparison of the HFs using Saaty’s Analytic Hierarchy Process (AHP) (Saaty, 1980; 2010)
and the relative comparison table in (Table 4). A pair-wise comparison matrix of the HFs is
constructed using Equations 4.1 and 4.2.
Analytic Hierarchy Process (AHP) developed by T.L. Saaty (Saaty, 1980; 2010) is a multiple
criteria decision-making tool for prioritising a set of alternatives based on their priority
weights by setting up a pair-wise comparison judgment matrix based on either rational or
intuitive expert inputs. The following gives a preliminary definition of the concept:
1
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⋮
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Equation 4.1

where -. is the pair-wise comparison judgment matrix for the human factors -.)8 in BWM

51!
!

operations and ℎ1)8 is the comparison value of i to j and the relative importance of each HF
is calculated using the relative comparison table in Table 3 and the results are in Table 4.

9) is the weight of the ith factor, and it represents the relative importance of each factor. The
calculated result is presented in Table 5.
Relative weight (eigenvector) ,: is determined by

,: =

;<
=
<>? ;<

Equation 4.2
Table 3: Relative Comparison Table

Relative Comparison Table (Saaty, 2001)
Intensity of importance
Definition
1
Equal Importance
3
Moderate Importance
5
Strong Importance
7
Very Strong Importance
9
Extreme Importance
2,4,6,8
For compromise between the above values
Reciprocals of above
If activity I have one of the above non-zero numbers
assigned to it when compared with activity j, then j
has the reciprocal value when compared with i.
1.1-1.9
For tied activities

Table 4: HF Pairwise Comparison Table using Equation 4.1

HF1

HF2

HF3

HF4

HF5

HF6

HF7

Fatigue (HF1)

1.00

5.00

3.00

4.00

2.00

3.00

2.00

Complex
Automation
(HF2)
Cultural
Diversity (HF3)
Teamwork

0.20

1.00

2.00

2.00

2.00

2.00

2.00

0.33

0.50

1.00

1.00

0.33

0.33

0.25

0.25

0.50

1.00

1.00

0.50

2.00

0.33

0.50

0.50

3.00

2.00

1.00

0.50

0.33

Communication 0.33

0.50

3.00

0.50

2.00

1.00

0.50

(HF4)
Manning (HF5)
(HF6)
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Training (HF7)

0.50

0.50

4.00

3..00

3.00

1.00

1.00

Table 5: Relative Importance (Eigenvector) of HFs from Equations 4.1 & 4.2

Fatigue (HF1)
Complex
Automation
(HF2)
Cultural
Diversity (HF3)
Teamwork

HF
1

HF2

HF3

HF4

HF5

HF6

HF7

Total

7.00

17.0

43.0

32.50

29.0

28.0

18.2

174.7

0

0

0

0

0

0

7.00

26.6

16.0

12.2

7.22

90.66

0.172

6

6

3.72

0
1.41

3.61

7.00

7.38

4.14

6.56

2.76

32.86

0.062

2.01

4.17

11.8

7.00

7.83

6.66

3.08

42.57

0.081

11.25

7.00

8.83

4.32

54.07

0.102

8.22

6.61

5.00

4.18

42.08

0.080

25.5

19..5

12.8

13.3

6.50

91.61

0.173

0

0

2

2

(HF4)
Manning (HF5)

17.80

EigenVecto
r (! @ )
0.329

2
2.93

6.42

13.3
2

Communicatio

2.24

4.75

n (HF6)
Training (HF7)

11.1
0

4.97

9.00

4.5.2 Determination of Relative Weight of Non-Human Elements (#)
To determine the relative weights of the non-human elements in a typical SHEL interaction
of a BWM operation, the interactions between the livewares and the non-human elements is
assessed using the radial dynamics in Figure 23 which is a modification of the Sufield model
of Altshuller’s Theory of Inventive Problem Solving (TRIZ). This is achieved by expert’s
intuitive rating of the importance of each human-machine interaction (HMI) with respect to
a specific non-human element using the radial dynamics in Figure 23 and the interaction
importance scale system in Table 6a. Figure 24 shows an example of the radial dynamics of
the interactions between four livewares (L1, L2, L3, and L4) and Shipboard BWM System
(H3) represented as R5 and BWM Convention represented as R2.
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Figure 24: Radial Dynamics Model of HMI Importance with respect to Shipboard BWM
System (H3) and BWM Convention (S8)

Figure 24 for example, is used to answer two specific questions;
1)! How important to BWM operations are the Human-Machine Interactions (HMIs) with
respect to shipboard BWM System (H3)? The interactions are: L1-H3, L2-H3, L3-H3
and L4-H3 and
2)! How important to BWM operations are the Human-Machine Interactions with respect
to BWM Convention (S8)? The interactions are L1-S8, L2-S8, L3-S8 and L4-S8.
The above questions were also modified to answer questions with respect to the interaction
between the livewares and the other non-human elements in both shipboard and onshore
BWM System. The relative weight of the non-human elements interacting with L1, L2, L3,
and L4 is determined using Equations 4.3 and 4.4.

AB =

A77=

'
4

C' + C2 + ⋯ + C4

Equation 4.3

7FG
H
<>? FG

Equation 4.4

where A is the weight or level of importance of the non-human element and A is the relative
weight of the non-human element interacting with the livewares in a shipboard or onshore
BWM operation. a represents an interaction and the n is the number of interactions with
respect to a specific non-human element. Table 6a is used for the assessment of the importance
of each HMI with respect to specific non-human elements and the results are presented in
Table 7.

For example, with respect to R2 from Figure 23 and Figure 24, in a typical BWM shipboard
operation, the importance of the interaction between the ship captain (L1) and the BWM
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Convention requirements which are software (S8) or L1-S8, is represented by !' in Figure
24. !' was rated to be a compromise between significantly important (5) and moderately
important (3). This gives the compromise rating to be 4. The importance of ship crew and
BWM Convention (L2-S8) interaction represented by !2 is significant to general shipboard
BWM operation and is rated 5. The other HMI importance ratings like L3-S8 and L4-S8
represented by !I and !J gave a rating of 1 and 5 respectively. The importance of the radial
dynamics model R2 to the overall performance of a shipboard BWM operation is the average
score of all the ratings within R2.
Where &2 '' is the radial dynamics model representing the non-human element S8 ( (2 )
interacting with livewares (L1, L2, L3, and L4). Using Equations 4.3 and 4.4 we have:

(2 =

!1 + !2 + !3 + !4
4

= 3.75
The rating of R2 is therefore 3.75, which is a compromise between significant and moderate
importance from Table 6a.
R1, R2, R3 R4, R5 and R6 gave 3.25, 3.75, 6.50, 4.00, 4.00 and 4.33 respectively. Their
correspondent relative weights'( from Equation 4.4 are 0.126, 0.145, 0.233, 0.155, 0.155 and
0.168 respectively and presented in Table 7.
Table 6: Interaction Importance Scale System and HF Impact Rating Table

(a) Interaction Importance Scale System
Interaction
Importance of
Importance
Interactions to System
Rating Score
Performance
9
Essential for BWM
System Operations
7
Extremely Important
5
Significantly Important
3
Moderately Important
1
Slightly Important
0
No effect
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(b) HF Impact Rating
Impact
Impact
Score
7

Extremely impactful

5
3
1
0
2,4,6

Significantly impactful
Moderately impactful
Slightly impactful
No impact
For compromise between
the above values

Table 7: Relative Weights of Non-Human Element (α) in the BWM Operations from Figure 23
and Equations 4.3 and 4.4

R1
Weights (/) 0.126

R2

R3

R4

R5

R6

0.145

0.232

0.155

0.155

0.168

4.5.3 Determination of Relative Impact of HFs on BWM System Performance
The relative impact of each HF on the performance of a BWM System is determined by
Equation 4.5 and Table 6b. For example, the following question can be addressed using the
radial dynamics diagram in Figure 25:
With respect to BWM System performance, how do you rate the impact of fatigue (a human
factor) on the interactions of L1, L2, L3 and L4 with shipboard BWM System shown in Figure
25? The interactions are L1-H3, L2-H3, L3-H3, and L4-H3.

Figure 25: Radial Dynamics Model for HF Impact with respect to Shipboard BWM System
(H3)

ℎ2+ is the impact of a specific human factor (HF) on BWM System performance.
"

ℎ2+ =

'
4

ℎ2' + ℎ22 + ⋯ + ℎ24

Equation 4.5

Where n is the number of livewares interacting with a non-human element (Figure 23) in a
radial dynamics model of a BWM operation, and subscript k is the identity of the human
factor (HF).
For example, to rate the impact of the human factor fatigue on the relationship between the
ship captain (L1) and Shipboard BWM System (H3) or L1-H3 interaction represented in R5
or Figure 25 using Equation 4.5 and Table 6b, we have the impact to be slightly impactful and
is rated1. Between ship-crew (L2) and Shipboard BWM System (H3) or L2-H3 we have the
impact as extremely impactful and is rated as 7. L3-H3 has no impact and it is rated as 0, and
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L4-H3 has a slightly important impact rated also as 1. From Equation 4.5, the value of ℎ1+
is, therefore, 2.25 for fatigue.
The results in Table 8" and Table 9 were obtained for shipboard BWM System and onshore
BWM System respectively.
Table 8: Relative Impact of HFs on Shipboard BWM System

R1

R2

R3

R4

R5

R6

Fatigue (HF1)

2.25

3.75

6

3.33

3.25

2.33

Complex
Automation
(HF2)
Cultural
Diversity (HF3)
Teamwork

2.50

1.75

4

1.33

3.00

4.00

4.25

3.00

5.5

4.00

3.25

3.33

2.75

2.00

3

3.00

3.75

1.33

3.50

2.50

3.5

2.67

3.50

2.33

Communication 3.25

3.25

6

3.00

3.25

2.00

3.50

4.5

3.67

3.00

2.00

(HF4)
Manning (HF5)
(HF6)
Training (HF7)

3.50

Table 9: Relative Impact of HFs on Onshore BWM System

R1

R2

R3

R4

R5

R6

Fatigue (HF1)

3.50

2.75

3.00

2.00

3.50

5.33

Complex
Automation
(HF2)
Cultural
Diversity (HF3)
Teamwork

2.50

1.50

2.50

1.50

2.50

3.00

1.25

1.25

2.50

1.25

1.00

1.33

3.00

1.75

2.50

1.50

2.50

2.00

3.25

1.75

2.50

1.75

3.25

4.00

Communication 2.25

3.25

4.00

2.75

2.75

3.33

4.00

4.50

3.50

3.00

4.33

(HF4)
Manning (HF5)
(HF6)
Training (HF7)

3.25

57!
!

4.5.4 Relative Contribution %& of Human Factor to BWM Operations
The variable ,+ for each HF obtained in the process provides the relative importance or
weight of each HF and A provides the relative weights of the non-human elements interacting
with the livewares L1, L2, L3, and L4. The contribution of each HF to the BWM operations
PB is given by:

PB =

Q
+R' ℎ1+ .7A . ,T

Equation 4.6

where , , as stated, is the weight or importance of each HF, A is the weight of the non-human
elements. The normalized contribution PB 7can be calculated by;

PB 7=7

7

UG
HV
<>? UG

Equation 4.7

L represents the number of HFs.
The results obtained are presented in Table 10 and Table 11 for shipboard and onshore BWM
systems respectively.
Table 10: Contribution of HFs to Shipboard BWM System Performance

777YZ

#. hfk

R1

R2

R3

R4

R5

R6

Fatigue

0.28

0.54

1.40

0.52

0.50

0.39

3.64

1.20

0.37

Complex
0.32
Automation
(HF2)
Cultural
0.54
Diversity
(HF3)
Teamwork 0.35

0.25

0.93

0.21

0.47

0.67

2.84

0.48

0.15

0.43

1.28

0.62

0.50

0.56

3.94

0.24

0.07

0.29

0.70

0.47

0.58

0.22

2.62

0.21

0.06

0.44

0.36

0.81

0.41

0.54

0.39

2.95

0.30

0.09

0.41

0.47

1.39

0.47

0.50

0.34

3.58

0.29

0.08

#. WX@ 777

YZ

(HF1)

(HF4)
Manning
(HF5)
Communic
ation (HF6)

9
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Training

0.44

0.51

1.04

0.57

0.47

0.34

3.37

0.57

0.17

(HF7)

Table 11: Contribution of HFs to Onshore BWM System Performance

YZ

R1

R2

R3

R4

R5

R6

Fatigue (HF1)

0.44

0.40

0.70

0.31

0.54

0.90

3.29

1.09 0.38

Complex
Automation
(HF2)
Cultural
Diversity (HF3)
Teamwork

0.32

0.22

0.58

0.23

0.39

0.50

2.24

0.38 0.13

0.16

0.18

0.58

0.19

0.16

0.22

1.49

0.09 0.03

0.38

0.25

0.58

0.23

0.39

0.34

2.17

0.17 0.06

0.41

0.25

0.58

0.27

0.50

0.67

2.68

0.27 0.09

Communication 0.28

0.47

0.92

0.43

0.43

0.56

3.09

0.25 0.087

0.58

1.04

0.54

0.47

0.73

3.77

0.64 0.22

#. WX@

YZ

(HF4)
Manning (HF5)
(HF6)
Training (HF7)

0.41

4.5.5 Determination of Critical Error Minimization Path for BWM Operations from the7%&
Values
The critical error reduction path is ultimately determined from the results of the Relative
Contribution PB of the HFs to the operations of BWM System in Table 10 and Table 11 for
shipboard and onshore systems respectively. The path for the greatest error reduction is
determined by ranking the PB values in that order of magnitude as in Table 12.
Table 12: Contribution Ranking of HFs on BWM System Performance

IMPACT
RANKING
1

SHIPBOARD BWM SYSTEM

ONSHORE BWM SYSTEM

Fatigue

Fatigue

2

Training

Training

3

Complex Automation

Complex Automation

4

Manning

Manning

5

Communication

Communication
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6

Cultural Diversity

Teamwork

7

Teamwork

Cultural Diversity

The most critical HFs are the most ranked in the table, and resolving them will have the
greatest impact in minimising operator error in BWM operations.
4.6 Discussion
The result in Table 12 showed the same order of preference in terms of the impact of the HFs
on the performance of both shipboard and onshore BWM System except with respect to
teamwork and cultural diversity. Cultural diversity contributes more to BWM performance
of the shipboard system than teamwork, while the reverse is the case for the onshore system.
It is understandable that cultural diversity should contribute more to shipboard operations
performance than teamwork because it is expected that a typical merchant ship could have
crews with multicultural backgrounds, unlike an onshore system where most the operators
should be expected to come from the same or similar cultural setting.
Human error in BWM operation can be minimised by taking systematic actions in addressing
the identified preconditions to error and violations in order of their level of contribution to
system operation. A viable systematic procedure to human error minimization in BWM
operation should be a prioritised action plan where ameliorative measures to HF reduction
are designed in order of the levels of the HFs contributions to BWM operations (Table 12). In
order of priority, therefore, fatigue, poor training or lack of it as well as complex automation
are the three top preconditions to human error and violations of operational procedures in the
operation of either a shipboard or onshore BWM System. In other words, they will be the
likely three greatest contributors to errors in BWM operations. Minimising their influence
on the performance of the BWM operator will most definitely require actions on the latent
failures located way up the hierarchy in the HFACS framework. The latent failures are
situated in the unsafe supervision level or even higher up at the level of organisational
influences. More attention should, therefore, be given to addressing factors that will reduce
operator fatigue as well as enhance their capability to function through relevant training.
4.7 Conclusion
To show the viability of this methodology, an expert prospective qualitative data with respect
to the preconditions for unsafe acts in BWM operations was generated. This is because these
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preconditions to unsafe acts influence the performance of operators at the sharp end of BWM
operations leading to the unsafe acts of errors or/and violations which could lead to the
discharge of HAOP. Prospective data is used because of the unavailability of retrospective
accident data in BWM operation as is traditionally used in accident analysis and
investigations.
In this study, the data is based on expert judgment using the HMI radial dynamics model
(RDM) developed and presented in Figure 23 and the five-step algorithm in section 4.5. The
combination of the human factor taxonomic classification framework of HFACS, the
weighting capability of Analytic Hierarchy Process (AHP), and the quantitative analytical
strength of the Sufield model of the Theory of Inventive Problem Solving (TRIZ) to quantify
the relative contributions of the identified human factors related to BWM operations is one
of the novelties of this research. Although still in its preliminary stage of development, the
methodology will need further research using either retrospective or prospective BWM
operations data from multiple experts to establish its robustness.
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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5.0 BWM SYSTEM DESIGN USING MODIFIED AXIOMATIC DESIGN
PRINCIPLES
5.1 The Appropriate BWM System.
The ideal BWM System should be one that satisfies the primary goal of the BWM Convention
which is captured in Article 1.3 of the convention. And it states that “Ballast Water
Management (BWM) means mechanical, physical, chemical and biological processes either
singularly or in combination, to remove, render harmless, or avoid the uptake of or discharge
of harmful aquatic organisms and pathogens (HAOP) within ballast water and sediments”.
David and Gollasch (2015) recognised the prevention, minimization and ultimate elimination
of HAOP via vessels ballast water and sediments as the essence of BWM. This is also
reflected in both Articles 2.1 and 2.3 of the BWM Convention. This management of ballast
water should be carried out by technologies or methods evaluated with respect to the criteria
stated in Regulation D-5.2 (Safety, Environmental Acceptability, Practicability, Biological
Effectiveness and Cost Effectiveness) otherwise referred to in this study by the acronym
SEPBiC criteria. Although the ‘Procedure for approval of BWM Systems that make use of
active substances (G-9)’ (resolution MEPC.169(57)) used for certification of BWM Systems
stated ‘Ship and Personnel Safety’ as well as ‘Environmental Protection’ as some of the main
evaluation criteria, this study expanded the criteria further by using SEPBiC criteria.
5.2 BWM Convention as Design Guide
Article 1.8 of the B WM Convention states that “HAOP…if introduced into the sea… may
create hazards to the environment, human health, property or resources, impair biological
diversity or interfere with other legitimate uses of such areas”. It is incumbent therefore on
all states according to Article 196(1) of the 1982 United Nations Convention on the Law of
the Sea (UNCLOS) to “… take all measures necessary to prevent, reduce and control…the
intentional or accidental introduction of species, alien or new, to a particular part of the
marine environment, which may cause significant hazards and harmful changes thereto.” This
can be achieved by means of ballast water management, which is a “…process(es) ... to
remove, render harmless, or avoid the uptake or discharge of Harmful Aquatic Organisms
and Pathogens within Ballast Water…” (BWM Convention, Article 1.3). Ballast Water
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Management therefore, according to the BWM Convention’s preamble can help in the
achievement of the objective or the desires of the parties to the Convention (BWM
Convention), which is “…to continue the development of safer and more effective Ballast
Water Management options that will result in continued prevention, minimization and
ultimate elimination of the transfer of Harmful Aquatic Organisms and Pathogens (HAOP)”.
In the preamble also, the parties also considered the convention as the “best” means of
achieving these “objectives”.
In view of that, therefore, this study reviewed the 22 articles, the 5 sections, and their
regulations as well as the two annexes of the convention for guidance in the selection of the
minimal set of independent requirements that will form the functional needs of an ideal BWM
Method. These functional needs also referred to as Functional Requirements (FRs) will need
to be satisfied by their corresponding Design Parameters (DPs) as required by the principles
of Axiomatic Design for the eventual method that shall be designed to achieve compliance
with the convention. Sixteen (16) FRs for an appropriate BWM System were identified from
the convention’s articles and regulations and their corresponding DPs were proposed and
assigned (Table 5.1 to 5.9). The DPs were selected from industry best practice and
experience. The FRs and their DPs shall be discussed in subsequent sections of this chapter.
In designing the conceptual appropriate BWM System that will be compliant with the BWM
Convention requirements, the following two procedures, therefore, were applied:
I.!
II.!

Identification of IMO's needs from the convention
Translation of IMO's needs into Functional Requirements and then subsequently
develop their correspondent design solutions or Design Parameters

Because DP0 is not implementable; decomposing the interaction FR0/DP0 will, therefore,
require an understanding of the different components of an appropriate BWM System. An
appropriate BWM System according to Regulation D-5.2 must be safe, environmentally
acceptable, practicable, biological and cost effective.
As an essential requirement of the modified AD principle, the design process in this study
shall begin with the identification of the System Requirements for the ideal design solution
which shall be represented by FR (just as in classical AD’s Functional Requirement). The
ideal solution shall be represented by DPs (as in classical AD’s Design Parameters) and the
Constraints of the design.
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The constraints of the proposed design are stated below:
5.3 Constraints
The constraints of the analysis are:
1)! The appropriate method can either be shipboard or onshore based. This is because the
solution space for the appropriate BWM System can either be onboard the ship or
onshore. This is supported by Regulation B-3.7 on ‘’other” to the shipboard
management of ballast water.
2)! The options are limited to only four major concepts of ballast water management.
Other methods of BWM are accepted as alternatives… as stated in Regulation B-3.7;
also, paragraph one of the convention desires the development of “safer” and “more
effective” options of BWM).
3)! The appropriate method should be evaluated based on convention’s SEPBiC criteria
(Regulation D-5.2).
4)! The appropriate method should comply with the provisions of the BWM Convention.
The BWM Convention, therefore, should serve as the primary guide to the
development of FRs.
5)! Axiomatic design axioms, related design theorems, and corollaries could also serve
as guides in the design process.
5.4 Modified Independence Axiom in BWM Convention Compliance: System
Requirements and Design Solutions
The goal of the BWM Convention is to develop a safer and more effective option for
prevention, minimization and ultimate elimination of the transfer of Harmful Aquatic
Organisms and Pathogens (Articles 2.1; 2.3), through effective implementation of and
compliance with the BWM Convention (Article 2.4).
A summary of the IMO needs based on the requirements expressed in the BWM Convention
and the SEPBiC criteria is ‘the removal of HAOP from discharged ballast water without
creating more harm than they solve and at an affordable cost’. A modified concept of
Axiomatic Design principle was used to develop the functional requirements for the ideal
BWM System using the convention as a guide. Using the modified principles of AD's
Independence Axiom, the core of the goal of BWM as enunciated in the BWM Convention
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is "to prevent, minimise and ultimately eliminate the transfer of Harmful Aquatic Organisms
and Pathogens (HAOP) via vessels' ballast water and sediments".
In this study, the modified AD principle which has only three domains (Figure 26) in contrast
to the four domains in classical AD (Figure 10), factors all the interacting SHEL elements in
the system in the search for possible solutions for each identified requirement. The modified
AD’s three domains shall be used in this study to develop the system requirements for the
ideal solution using the convention as a guide. The eventual conceptual system designed
should be able to address the transfer of HAOP via ships ballast water by assigning the
appropriate corresponding solutions (DPs) for each of the identified requirements (FRs). The
system requirements are further decomposed by zigzagging as presented in Table 13 to Table
20.

Figure 26: The Design Domains of Modified Axiomatic Design
!

5.4.1 FR0/DP0- Top Level System Requirement and Design Solution
Table 13: Top level FR/DP for the appropriate BWM System

System Requirements (FRs)

Design Solutions (DPs)

FR0 Remove HAOP from ballast water The Ideal BWM System

DP0

(Article 1.3)

[\] = ^] _`]

Equation 5.1

The ideal conceptual system is a complex system represented by the design Equation 5.1, and
it has some subsystems when decomposed to an implementable level. Using the modified
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principles of AD's Independence Axiom, the core of the goal of BWM as enunciated in the
BWM Convention is "to prevent, minimise and ultimately eliminate the transfer of Harmful
Aquatic Organisms and Pathogens (HAOP) via vessels' ballast water and sediments". Both
FR and DP act as vectors in a design matrix which describes their relationship in a
mathematical equation.
The FR-DP mapping resulted in a design matrix of the form;
[\] = ^] _`]

Equation 5.1

where A0 is the design matrix or design solution and both FR0 and DP0 are design vectors.
There are three kinds of design matrix A0: Uncoupled (Equation 5.2), Decoupled (Equation
5.3 and 5.4) and Coupled (Equation 5.5) designs.
[\a
c7] _`a
=
[\b
]7c _`b

Equation 5.2

Uncoupled Design (a diagonal matrix)
[\a
c7] _`a
=
[\b
c7c _`b

Equation 5.3

Decoupled Design (a triangular matrix)
[\a
c7c _`a
=
[\b
]7c _`b

Equation 5.4

Decoupled Design (a triangular matrix)
[\a
c7c _`a
=
[\b
c7c _`b

Equation 5.5

Coupled Design (a full matrix)
The best design in terms of quality, robustness, and efficiency is an uncoupled design. A
decoupled design is also an acceptable design but lacks the robustness and simplicity of an
uncoupled design. A coupled design is not an acceptable design because it violates the basic
requirement of the Independence Axiom which is the “maintenance of the independence of
the FRs”.
The effective removal of HAOP from ballast water in line with the requirements of the BWM
Convention will require an appropriate BWM System. The availability of this appropriate
system or method can be determined based on the criteria stipulated in Regulation D-5.2 of
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the BWM Convention – “…reviews of appropriate technologies shall …take into account:
safety (of the ship, equipment, and crew); environmental acceptability; practicability;
biological effectiveness; and cost effectiveness”. These criteria following the zigzagging and
decomposition of FR0/DP0 formed the first level decomposition of FRs of a conceptual
appropriate system of BWM based on the Convention as shown in Table 14. They are the
logical implementable components of an appropriate BWM System.
Table 14: Decomposition of FR0/DP0-Remove HAOP from Ballast Water/Appropriate BWM
System

System Requirements (FRs)

Design Solutions (DPs)

FR1 Operate system safely (safe)-

Safety training of personnel on

Regulation D-5.2.1

DP1

vessel and port retrofitting
operations (SWRCB, 2002) and
regular safety drills on method (an
L-S Interaction).

FR2 Discharge ballast water in

Pre-discharge ballast water

an environmentally

management (Article 1.3) (H-E

acceptable manner- Regulation D-

Interaction).

DP2

5.2.2.
FR3 Provide a practical system of BWM

Robust, efficient and easy to use

(practicable) (Regulation D-5.2.3)

DP3

system (Convention Preamble) (HL Interaction)

FR4 Remove HAOP from BW in

Mechanical, chemical and physical

a biologically effective way

treatments (Article 1.3). (H-L

(Regulation D-5.2.5).

Interaction)

FR5 Provide a cost-effective treatment of

DP4

Affordable and effective system (S- DP5

ship’s ballast water (Regulation D-

E Interaction)

5.2.4)
The design equation representing the relationship between the first level functional
requirements (FRs) and the correspondent design parameters (DPs) from the Table 14 is a
coupled design as shown in Equation 5.6.
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Equation 5.6

In the matrix in Equation 5.6 and subsequent ones, the letter ‘X’ is used to express the
presence of full interaction between Design Parameters (DPs) and Functional Requirements
(FRs) where the system’s need is fully satisfied by the proposed solution strategy (DP), while
small letter ‘x’ represents the partial influence a solution strategy (DPi) designed for a
requirement (FRi) has on other requirements (FRs), where i is the identity of both the FR and
the DP. The ‘0’ represents the absence of any such interaction or impact.
DP1- The most effective way to make the conceptual ideal system safe for the personnel is
by training them on some safety procedures, standards, and legislations governing the
appropriate and effective functioning of the system. The training of personnel represented by
DP1 satisfies the functional requirement FR1 and has a partial impact on the other FRs in the
design matrix.
DP2- To satisfy the second functional requirement (FR2) of the system, which is the
environmental acceptability of the system, the ballast water discharged by all ships that desire
to comply with the convention should be treated before discharge. That is the requirement of
the convention in Article 1.3 (“…avoid the uptake …of HAOP within Ballast Water and
Sediments”). Treating ballast water before discharge will satisfy FR2 (i.e making the system
environmentally acceptable).
5.4.2 FR1/DP1- Safety of Personnel and Ship/Personnel Training and drills
Training of personnel as a design parameter to ensure the safety of the BWM System can be
decomposed by processing the DP/FR interaction further.
To process this FR/DP interaction, there is need to identify from the convention, clauses that
raise safety concerns. These clauses will serve as the subsystem functional requirements
(FRs) while the corresponding ameliorative measures will serve as the DPs at this level of
decomposition. The following clauses were identified as sources of possible FRs:
Article 2.6- Action taken should “…not impair or damage the(ir) …human health,
property…”.
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Article 2.7- Ballast Water Management Method used should “…not cause greater harm than
they prevent to the(ir)…human health, property…”.
Article 5.1- “…facility(ies) …shall provide for … safe disposal… that does not impair or
damage the(ier)… human health, property or resources…”.
Article 5.2 “…facility(ies)…shall provide… a detail description of the actions to be taken…”.
Regulation B-1.1- Each management method should have specific “…detail safety
procedures for… the crew (personnel)”.
Regulation B-4.4- Method should not “…threaten the safety or stability of the ship, its crew,
or its passengers because of adverse weather… or any extraordinary condition”.
Regulation D-3.3- Ballast Water Management systems “…must be safe in terms of the ship,
its equipment and the crew (personnel)”.
The requirements in the articles and regulations above, with respect to safety of personnel
and ship, resulted in 4 sets of minimum functional requirements: FR11, FR12, FR13 and
FR14
FR11- Compliant with Article 2.6; 2.7; Regulation D-3.3 (method should not impair or
damage human health; should not cause greater harm to human health than they prevent or
compromise safety)
FR12-Compliant with Article 5.1 (safe disposal of sediments without damage to human
health).
FR13-Compliant with Regulation B-1.1; B-1.2 (Method should have a detail safety procedure
for personnel and detailed description of actions).
FR14- Compliant with Regulation B-4.4; Regulation D-3.3 (Operation of the method should
not threaten the safety or the stability of the ship or its crew or passengers because of adverse
weather, equipment failure or any extraordinary condition.
Table 15: Decomposition of FR1/DP1 (Safety of personnel and ship/ Training and Drills)

System Requirements (Safety)

Design Solutions (Training)

FR11 Discharge treated ballast water

Training on IMDG code classes,

without causing more harm than it

chemical handling (MSDS),

prevents. Comply with Article 2.6;

GESAMP hazard evaluation

2.7; Regulation D-3.3.

procedure for chemical substances
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DP11

and IMO BWM Guidelines
documents
FR12 Dispose of sediments safely without Training on discharge Standards
damage to human health. Comply

DP12

(local laws)

with Article 5.1.
FR13 Provide simplified safety

Training and drills on system's

procedures and detail description of

DP13

specific safety procedure

actions for personnel. Comply with
Regulation B-1.1; B-1.2.
FR14 Operate system safely in adverse Training on method’s operation in DP14
weather conditions, in the case of different
equipment

failure

extraordinary condition.

or

simulated

weather

any conditions and other extraordinary
Comply conditions like equipment failure.

with Regulation B-4.4; Regulation
D-3.3.
The requirements addressing similar issues were grouped together giving rise to four
minimum set of functional requirements (FRS) that could satisfy the safety goal of the ideal
BWM System. The reason for the grouping and the formation of the minimum sets is to avoid
the formation of a coupled system which lacks robustness and feasibility.
What are the likely areas of personnel training that will ensure the safe operation of an ideal
BWM System that satisfy these functional requirements? These identified areas constitute
the design parameters (DPs) that will satisfy the FRs. The design equation at this level is also
a coupled design as shown in Equation 5.7.
.K''
c
.K'2
e
=
.K'I
e
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c
e
]

e
e
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e

e
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fg''
fg'2
fg'I
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Equation 5.7

DP11- An ideal design solution (DP) that can ensure the system does not cause greater harm
to human health while protecting the environment will satisfy FR11. However, the solution
DP11 has a partial influence on all the other functional requirements (FRs) in the matrix. The
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training of personnel, who are occupationally at the sharp end of the operation of the BWM
System on how to store, apply biocides and avoid chemical hazards (where active substances
are used) in the following areas should suffice:
a)! Material Safety Data Sheet (MSDS)- For all the chemicals to be used in managing
ballast water, the personnel should have some basic training on their usage and release
patterns, environmental fate, physical and chemical properties, other regulatory
information regarding the chemical as well as handling and storage in line with MSDS
requirements for that chemical.
b)! IMDG Code- Training on the International Maritime Dangerous Goods (IMDG) Code
should be focused on the classification of substances with respect to their hazardous
potentials, their classes, and subdivisions, storage and handling. This should be in line
with the provisions of the IMDG code (IMO, 2008c).
c)! GESAMP Hazard Evaluation Procedure for Chemical Substances- Training should
be on the set of evaluation criteria for evaluating the hazards of chemical substances
based on the GESAMP Hazard Evaluation Procedure (GESAMP, 2013).
d)! IMO Guidelines- Operators should be trained on the different relevant IMO
guidelines such as:
•! Guidelines for sediment reception facilities (G1) (resolution MEPC.152(55));
•! Guidelines for ballast water sampling (G2) (resolution MEPC.173(58));
•! Guidelines for ballast water management equivalent compliance (G3)
(resolution MEPC.123(53));
•! Guidelines for ballast water management and development of ballast water
management plans (G4) (resolution MEPC.127(53));
•! Guidelines

for

ballast

water

reception

facilities

(G5)

(resolution

MEPC.153(55));
•! Guidelines for ballast water exchange (G6) (resolution MEPC.124(53));
•! Guidelines for risk assessment under regulation A-4 of the BWM Convention
(G7) (resolution MEPC.162(56));
•! Guidelines for approval of ballast water management systems (G8) (resolution
MEPC.174(58));
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•! Procedure for approval of ballast water management systems that make use of
Active Substances (G9) (resolution MEPC.169(57));
•! Guidelines for approval and oversight of prototype ballast water treatment
technology programmes (G10) (resolution MEPC.140(54));
•! Guidelines for ballast water exchange design and construction standards
(G11) (resolution MEPC.149(55));
•! Guidelines on design and construction to facilitate sediment control on ships
(G12) (resolution MEPC.209(63));
•! Guidelines for additional measures regarding ballast water management
including emergency situations (G13) (resolution MEPC.161(56));
•! Guidelines on designation of areas for ballast water exchange (G14)
(resolution MEPC.151(55));
•! Guidelines for ballast water exchange in the Antarctic treaty area (resolution
MEPC.163(56)); and
•! Guidelines for Port State Control under the BWM Convention (resolution
MEPC.252 (67)).
DP12- Training of personnel on the local laws governing the discharge of effluents in coastal
or marine environments should be sufficient to satisfy the requirements of Article 5.1 of the
convention or FR12. DP12 affects the functions FR11 and FR13 from the design matrix.
DP13- The requirement from Regulations B-1.1 and B-1.2 is for the method to have a detail
safety procedure and description of actions to be taken. This can be satisfied by personnel
training on the procedures of the specific method and regular drills. The design parameter
DP13 has a partial impact on the other FRs in the design matrix.
DP14- When the BWM System operators are trained on the operability of the system in
different weather conditions, threats to the personnel or the ship will be minimised. DP14,
however, has an influence on FR11 and FR13 in the design matrix (Equation 5.7).
5.4.3 FR2/DP2 - Environmental Acceptability /Treatment before Discharge
An appropriate BWM System is expected by the BWM Convention to be environmentally
acceptable. This is the second criteria for an ideal method. The process by which this criterion
can be satisfied is by ensuring that only treated ballast water is discharged by ships into the
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sea. The discharged treated ballast water should satisfy following environmental
requirements of the convention:
Article 2.6- Action taken should “…not impair or damage the(ir) …environment…”.
Article 2.7- Ballast Water Management Method used should “…not cause greater harm than
they prevent to the(ir)…environment…”.
Article 2.9-Method should “…address threats and risks to sensitive, vulnerable or threatened
marine ecosystems and biodiversity…”
Article 5.1- “…facility(ies) …shall provide for … safe disposal… that does not impair or
damage the(ier)… environment…”.
Regulation B-1.3- Each management method should have specific “…detail … procedures
for… disposal of sediments…”
The above environmental requirements from the convention gave three minimum sets of
functional requirements as the decomposition of FR2.
FR21-Compliant with Article 2.6; 2.7; 5.1 (Method’s process should not impair or damage
the environment or cause greater harm than they prevent. They should address threats to
biodiversity, sensitive, vulnerable and threatened marine systems. Disposal of sediments
should be safe without damage to the environment.
FR22- Method should be compliant with Article 2.9 (address threats to biodiversity).
FR23-Method should have detail procedures for the disposal of sediments (Regulation B1.3).
Table 16: Decomposition of FR2/DP2- (Environmental Acceptability/Treatment before
Discharge)

System Requirements (Env.

Design Solutions (Pre-discharge

Accept.)

Treatment)

FR21 Address threats to biodiversity,

Multi-stage treatment with regards

sensitive, vulnerable and

to BWM Convention Reg. D-2;

threatened marine systems.

local effluent discharge standards;

Compliant with Articles 2.6; 2.7;

PBT (i.e. persistence,

5.1.

bioaccumulation, and toxicity)
criteria of Res. MEPC. 169(57) or
Guidelines G9 section 6.4;
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DP21

The GESAMP hazard profile,
chapter 4 (GESAMP, 2013).
FR22 Address threats to biodiversity.
Compliance with Article 2.9.

Primary and secondary treatment of DP22
ballast water (i.e filtration &
disinfection) before discharge
(Figure 27).

FR23 Provide algorithm for the disposal

Sediment disposal management

of sediments. Compliant with

procedure to ensure

Regulation B-1.3.

environmentally sound disposal of

DP23

sediments.

.K2'
c
.K22 = e
.K2I
]

e
c
]

e fg2'
e fg22
c fg2I

Equation 5.8

The design matrix in Equation 5.8 is coupled as well.
DP21- When ballast water is subjected to multiple stage treatment (like filtration, biocides
and UV irradiation for example), the likely damage to the environment and threat to
biodiversity that may result from the discharge of untreated ballast water will be curtailed.
This is more so when the treatment complies with the convention’s D-2 discharge standards
as well as local effluent discharge standards. When the ballast water is subjected to multistage treatments (like filtration, biocide application, and UV irradiation), the threats to
biodiversity, sensitive, vulnerable and threatened marine systems shall be addressed.
Therefore, DP21 affects FR22 as well, although partially.
DP22- In a typical ballast water treatment process, large portions of native organisms are
entrained into the ship via the ship’s sea chest and are subsequently subjected to mass
annihilation through the treatment process thereby reducing the biological diversity of the
host marine environment. Also, when the discharged ballast water is not treated, the alien
organisms that shall be discharged with the untreated ballast water into the new environment
could be a threat to biodiversity, sensitive, vulnerable and threatened marine systems. By
retaining the organisms that cannot go through the filter in their native setting during the
filtration or primary treatment stage of the treatment process (by backflushing), the threats to

74!
!

biodiversity will be curtailed (Figure 27 and Figure 28). The ballast water and sediments that
shall be disposed at the end of the process shall pose less threat to the environment. Loss of
biodiversity can be reduced when a portion of the host organisms are filtered out from
entering the treatment tank and are retained rather in the host water. DP22, therefore, can
satisfy the requirements in FR22, and affect FR21.
DP23- The requirement in Regulation B-1.3 for detail procedure for the disposal of sediments
can be satisfied by designing a sediment disposal management procedure. But DP23 has some
measure of influence on the other FRs (DP21 and DP22) in the design matrix.

Figure 27: Layout of a Typical Shipboard Ballast Water Treatment System showing Ballast
Pump, Filtration and Treatment Units

5.4.4 FR3/DP3 - Practicability /Feasibility and Efficiency
In accordance with the third SEPBiC criteria, an appropriate BWM should be practicable.
The sections in the BWM convention that fit these criteria are:
Article 2.8- Method should use “practicable” means to “… avoid the uptake of Ballast Water
with potentially Harmful Aquatic Organisms and Pathogens, as well as Sediments that may
contain such organisms...”
Article 5.1 Method’s operation should not cause “…undue delay to ships…”
Article 7.2 Management “…measures…shall not cause undue delay to ship”.
Article 12.1 Method should “…avoid a ship being unduly… delayed…”
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Regulation B-1.2 Management method should “…provide a detailed description of the
actions to be taken to implement the Ballast Water Management requirements and
supplemental Ballast Water Management practices…”
Regulation B-2.5 “Each operation concerning Ballast Water shall be fully recorded without
delay in the Ballast Water record book”.
Regulation B-5.2 Ballast Water Management should be done “…without compromising …
operational efficiency…”
Regulation B-6 Operators of a “particular” ballast water management method “…shall be
familiar with their duties in the implementation of Ballast Water Management particular to
the...” method.
The practicability requirements above from the convention were translated into the following
five sets of functional requirements:
FR31- Method should be compliant with Articles 5.1; 7.2; 12.1; Regulation B-5.2 (no undue
delay to ships; management processes should not compromise operational efficiency).
FR32- Method should be compliant with Article 2.8 (stop the uptake of BW with HAOP).
FR33- Method should have detail description of actions to be taken to implement BWM
requirements (Regulation B-1.2).
FR34- Method should have detail description of actions to be taken to implement BWM
requirements (Regulation B-1.2).
FR35- Method should be compliant with Regulation B-6 (personnel should be familiar with
their duties and management regarding the method).
The functional requirements above are assigned correspondent design parameters, DP31,
DP32, DP33, DP34 and DP35 respectively; this is shown in Table 17.
Table 17: Decomposition of FR3/DP3- (Practicability/ Feasibility & Efficiency)

System Requirements

Design Solutions (Feasibility, and

(Practicability)

Efficiency)

FR31 Expedite BWM processes without

Treatment system with ballast pump DP31

compromising ship’s operational

(Figure 27) Treatment Rate Capacity

efficiency. Compliant with

(TRC) ≥300m3h-1 (Corresponding

Articles 5.1; 7.2; 12.1; Regulation

with average expected deballasting

B-5.2.
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of a Ro-Ro ship per call) (COWI,
2012).
FR32 Prevent the uptake of BW with
HAOP. Compliant with Article

Pre-voyage upload of treated ballast

DP32

water to ship ballast water tanks.

2.8.
FR33 Develop BWM requirements

Operation manual of the method for

implementation algorithm.

operators from

Compliant with Regulation B-1.2.

vendors/manufacturers of the

DP33

system.
FR34 Develop duty algorithm for

Daily toolbox meeting

DP34

operators. Compliant with
Regulation B-6.

DP31- To satisfy the requirement in FR31, the Treatment Rate Capacity (TRC) for the
treatment plant should be sufficient to avoid any likely delay for the ship as consequence of
Ballast Water Management. For example, a TRC greater than 300m3h-1 should be sufficient
for an average ship ballast water management operation (COWI, 2012). DP31 partially
influences FR32.
DP32- To stop the uptake of Ballast Water with HAOP as required by Article 2.8, the best
solution is to upload only managed or treated ballast water. This requirement in FR32 can be
satisfied by other DPs that are peculiar to the BWM System.
DP33- The provision of an operational manual by the manufacturer or vendor of the BWM
System shall be required to satisfy FR33. DP33 has a partial influence on FR34.
DP34- Regular tool box meeting should be sufficient to familiarise the BWM System
operators with their duties regarding the specific BWM System. Regular tool box meetings
affect FR31 and FR33.
This has resulted in a design equation that is partially decoupled (Equation 5.9), which does
not violate the Independence Axiom. The design can be said to be an acceptable design
irrespective of the partial interaction between DP31 and FR32 as well as between DP33 and
FR34 in Equation 3.9. These partial influences and every other partial influence in the system
design were analysed and quantified in appended paper 4 of this thesis.
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5.4.5 FR4/DP4 – Biol. Effectiveness. /Mechanical, Chemical, and Physical Treatment
An appropriate BWM System should be biologically effective and this can be achieved by
any of or a combination of Mechanical, Chemical, and Physical Treatment as the DP. This
DP is however not sufficiently detailed for implementation. The following portions of the
convention aided the decomposition of FR4/DP4 into two functional requirements in the first
instance:
Regulation D-2.1- Ballast Water Management should be conducted in accordance with the
following zooplankton and phytoplankton Ballast Water Performance Standard:
•! Discharged Ballast Water should have less than 10 viable organisms of size greater
than 50 microns per m3.
•! Discharged Ballast Water should have less than 10 viable organisms of size less than
50 microns per ml
Regulation D-2.2- Ballast Water Management should be conducted in accordance with the
following human health standard:
•! Discharged Ballast Water should have less than 250 cfu of Escherichia coli per
100ml.
•! Discharged Ballast Water should have less than 100 cfu of Intestinal enterococci per
100ml.
•! Discharged Ballast Water should have less than I cfu/ 100ml or 1 cfu/ gramme wet
weight zoological samples of Toxigenic Vibrio Cholerae.
The two FRs at this level were:
FR41- Method should be compliant with Regulation D-2.1 (method should comply with
convention’s numerical standard for zooplankton and phytoplankton).
FR42- Method should be compliant with Regulation D-2.2 (method should comply with
convention’s human health standard).
The correspondent appropriate design parameters are shown in Table 18 and the design
equation (Equation 5.10) is an uncoupled design.
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Table 18: Decomposition of FR4/DP4- (Biol. Effect)/ Mech., Chem., & Phys. Treatment)

System Requirements (Biol.

Design Solutions (Treatment)

Effect)
FR41 Remove zooplankton or

Filtration unit & Biocide Injection

phytoplankton to Regulation D-2.1

Pump (Figure 27) for Zooplankton

numerical standard.

and Phytoplankton size organisms’

DP41

treatment.
FR42 Remove human pathogens to
Regulation D-2.2 human health

Disinfection system: biocides or

DP42

UV irradiation unit or both.

standard.

.KJ' c
=
.KJ2 e

e fgJ'
c fgJ2

Equation 5.10

However, DP41 should be decomposed further to be implementable. It is decomposed further
into FR411 and FR412. The appropriate DPs were also assigned to both FRs (Table 19). A
coupled design results (Equation 5.11).

Figure 28: A Typical Filtration System
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Table 19: Decomposition of FR41/DP41- (Numerical and Human Health Standard/ Filtration
& Disinfection)

System Requirements

Design Solutions

FR411 Remove pathogenic organisms to Filtration Unit (Figure 28) (≤150µm DP411
less than 10 viable organisms/m3

filter) (SWRCB, 2002).

of ≥50µm. Compliant with
Regulation D-2.1
FR412 Remove pathogenic organisms to Filtration and Disinfection Units
less than 10 viable organisms/ml

DP412

(Figure 27):

of 50µm ≥10µm. Compliant with Filtration unit with mesh size
Regulation D-2.1.

≤50µm filter) (Figure 28)
Disinfection- Biocide (Chemical
Injection pump)- Effective
Treatment Dose or ETD = 1-2
gallons per MT of BW of seakleen
as an example) (SWRCB, 2002).

FR421 Remove toxigenic Vibrio

Disinfection System: (Biocides or

DP421

cholerae to < 1 cfu /100ml or < 1 UV irradiation units or both)
cfu/ grams (ww) zooplankton

-Biocides (Chemical Injection

samples; E. coil < 250 cfu

Pump): ETD = 1-2 gallons per MT

/100ml; Intestinal Enterococci

of BW of seakleen

<100 cfu/100ml. Compliant with

-UV irradiation unit (Figure 29):

Regulation D-2.2.1; D-2.2.2; and

(LP mercury arc lamp): Range =

D-2.2.3.

UV-C =253nm (germicidal range <
280nm); ETD=20mWcm-2S-1
(SWRCB, 2002).

DP411- A filtration unit (Figure 28) with mesh size between 150µm≥100µm is shown to be
very successful on planktons with zooplankton size dimension (SWRCB, 2002).
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DP412- For planktons in the phytoplankton class, studies have shown to be successfully
removed from Ballast Water by either filtration using a ≤50µm filter (Figure 28) or
disinfection using biocides (SWRCB, 2002).
DP421- For microbial concentration, 1-2 gallons of seakleen per MT of Ballast Water has
been shown by a study to be very effective against bacteria or viruses (SWRCB, 2002). There
is over 99% inactivation of bacteria and viruses when UV germicidal wavelengths range of
< 280nm (Figure 29) is applied (SWRCB, 2002). The wavelength prevents aquatic microorganisms from procreation by denaturing their DNA.
.KJ'' c
=
.KJ'2 e

e fgJ''
c fgJ2'

Equation 5.11

The complete design matrix for the numerical performance standard is also a coupled
design (Equation 5.12).
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Equation 5.12

Figure 29: A Typical UV Irradiation Treatment System
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5.4.6 FR5/DP5 - Cost Effectiveness /Appropriate Cost of Treated BW
An appropriate BWM System should have the right cost of treatment per quantity of Ballast
Water. There is no mention of cost in the BWM Convention except in regulation D-5.2.4,
where ‘cost effectiveness’ was stated as an evaluation criterion for an appropriate BWM
System. However, the logical cost structure for a BWM System should be three-fold; Cost of
Investment (CAPEX), Cost of Treated Ballast Water and Operation Cost (OPEX). The
operational cost was not included in the evaluation process because of the likely regional
variability that could exist due to personnel cost. For example, an economic analysis by
COWI (2012), showed that the fixed operating cost for BWM System in England, Holland,
and Germany is 20% lower than in Denmark due to personnel cost. Therefore, the ‘cost
effectiveness’ of BWM Systems shall be evaluated based on only the Cost of Investment
(CAPEX) and Cost of Treated Ballast Water.
Satisfying the need for both an appropriate cost of treated water and investment cost,
therefore, can be effectively satisfied by DP51 and DP52 respectively (Table 20 and Equation
5.13).
Table 20: Decomposition of FR5/DP5- (Cost Effectiveness/Appropriate Cost of Treated BW)

System Requirements
FR51 Determine appropriate cost of
treated ballast water per volume

Design Solutions
Appropriate cost of treated ballast

DP51

water per volume:
-Shipboard ≤ $4 per tonne (m3)
-Onshore < $4 per ton (COWI,
2012).

FR52 Determine appropriate investment

Investment cost per unit method:

cost per method (not above average -Shipboard Treatment Plant <$2m
market value)

-Onshore Mobile Unit ≤ $ 1.5m
(ocean Guard)
-Onshore Fixed Treatment Plant <
$3m (L.A). Piping & Storage tank
cost depends on port size and
location)
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DP52

Example: In Los Angeles (pipes
=$34m; storage tank=$26m) and in
Redwood city (pipes=$2m; storage
tank= $5.5m) (COWI, 2012).

DP51- For both onshore and onboard treatments, the appropriate cost may vary. For onshore
treatment, the cost should be less than $4 per m3 (COWI, 2012). Any treatment cost equal or
less than $4 per m3 is also acceptable for onboard treatment (COWI, 2012).
DP52- Appropriate investment coat should not be more than $1.5 million for an onshore
(COWI 2012; SWRCB, 2002), it should be less than $3 million for fixed onshore and less
than $2 million for shipboard treatment (COWI, 2012).
The design equation for cost effectiveness is uncoupled notwithstanding the different cost
structures of the different BWM Systems within the constraint’s design range. Theorem S2
on Cost of Equivalent Systems states that two “equivalent” designs can have different cost
structures, with the same Information Content and perform the same set of functions.
.Kd'
c
=
.Kd2
]

] fgd'
c fgd2

Equation 5.13

5.5 Discussion
5.5.1 Assessment of BWM System Options with respect to the Conceptual Design of an
Appropriate BWM System
An appropriate BWM System is one that satisfies all the identified 16 FRs thus satisfying the
Independence Axiom and consequently complying with the BWM Convention. The design
matrix in Figure 30, although capable of satisfying the requirements of the independence
axiom, is partially coupled. The undesirable partial couplings (represented by small ‘x’ in
red) are evaluated and presented in the appended paper 4.
Safety- The evaluation of the four options with respect to safety showed that all the BWM
Systems once improved upon can attain the status of the conceptual design of an appropriate
BWM System, thus satisfying the Independence Axiom. BWE cannot satisfy the FR12
because chemicals are not used in BWE management of ballast water.

83!
!

Environmental Acceptability- All the methods can be as environmentally acceptable as the
conceptual design except with respect to BWE also where environmental acceptability of
ballast water as result of the use of biocides does not exist.
Practicability- Appropriate practicability status (i.e. achieving conceptual design’s capacity)
is attainable by all methods. In both BWE, shipboard and post-loading, there will be a need
for modification in DP32 (pre-voyage upload of treated ballast water to ship ballast water
tank) to suite method’s uniqueness in satisfying FR32 (prevent the uptake of ballast water
with HAOP). For BWE on the other hand, a modification in DP31 (Treatment system with
treatment rate capacity TRC ≥300m3h-1) will not be needed to satisfy FR31 (Expedite BWM
processes without compromising ship’s operational efficiency) as no treatment is required
before the discharge of ballast water.
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Figure 30: Full Design Matrix of Conceptual Design of BWM System.

All the design matrices in the primary components (SEPBiC) of the conceptual BWM System
design are coupled except the ‘Cost Effectiveness’ component which is uncoupled. What this
means is that ‘cost effectiveness’ has the most robust and reliable design. The best BWM
System from the available options shall ultimately be the one with the lowest level of
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complexity or the highest probability of success. To decouple these matrices, this study shall
be using the Theory of Inventive Problem Solving (TRIZ) to analyse all the partial influences
of DPs over FRs (represented by the small letter ‘x’) by quantifying the relative couplings in
the design matrix as well as improving the designed system’s (Figure 30) performance. This
performance improvement using TRIZ is presented in appended paper 4 of this thesis.
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6. GENERAL CONCLUSION
6.1 General
With a consequential global ecological liability running into billions of dollars annually, the
discharge of HAOP into new marine environments is presently on the front burner of
discussions at the IMO. Just recently, the requisite aggregate tonnage for global
implementation of the BWM Convention was attained. However, there are issues with respect
to the lack of capacity of existing systems of managing ballast water to meet the requirements
of the D-2 standards of the IMO, especially with respect to the first-generation type-approved
systems. Also, the global market for BWM Systems is currently valued at about USD$100
billion dollars because of the over 60,000 merchant ships and about 6,000 seaports potentially
in need of new or retrofitted BWM Systems. The development of an optimum BWM process,
therefore, is imperative to the protection of the marine environment from the menace
occasioned by the discharge of HAOP via ship’s ballast water.
6.2 The Research
The development of an optimum ballast water management process is, therefore, the aim of
this research. To achieve this aim, the following objectives were addressed by this study:
•! Objective 1- Determine the most appropriate ballast water management concept
(onshore or shipboard).
•! Objective 2- Develop a Ballast Water Management Convention-compliant design
matrix.
•! Objective 3- Develop a performance enhancement pathway for the design in objective
2.
•! Objective 4- Develop a systematic procedure for operator-error minimization in
BWM System operation.
In this thesis, Objective 1 one was addressed in appended paper 3 and partly in appended
paper 1; objectives 2 and 3 were addressed in appended paper 4 as well as chapter 5, and
objective 4 was addressed in chapter 4 of the thesis and partly by appended paper 2.
In the bid to address these objectives, the following questions were answered by this research:
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•! Question 1: What multi-criteria decision-making technique is the most suitable for
ballast water management methods’ evaluation with respect to safety, environmental
acceptability, practicability, biological effectiveness and cost effectiveness?
Options: 10 most commonly used multi-criteria decision-making techniques used in
literature in the last 20 years were selected as alternatives.
Solution: Axiomatic design was selected as the most suitable technique using
questionnaires 1 and 2 for data collected from fuzzy multiple-criteria decision making
techniques experts. Detail of the selection process is presented in appended paper 3
of this thesis.
•! Question 2: Which environment is the most appropriate for BWM operations
(Shipboard or Onshore)?
Options: Shipboard or Onshore environments were the alternatives to select from.
Solution: Onshore systems were evaluated as the most appropriate, and this is
presented in appended 3. Questionnaire 2 was used for data collection.
•! Question 3: What concept of ballast water management is the most ideal?
Options: Ballast Water Exchange (BWE), Shipboard ballast water treatment system,
Post loading onshore ballast water treatment system and Preloading onshore ballast
water treatment system (PreOBWTS) were the alternatives evaluated.
Solution: Post-loading onshore ballast water treatment system was ranked the most
appropriate. The ranking process is presented also in appended paper 3. Questionnaire
2 was used for data collection.
•! Question 4: In view of the underperformance reported with respect to some typeapproved BWM Systems in meeting the requirements of the BWM Convention, can
a methodology be developed to design a BWM System that will be in full compliance
with the BWM Convention requirement and flexible enough to provide a costeffective means for design modification and improvement in the case of policy review
or change?
Solution: A performance improvement methodology was developed and applied.
Details are presented in appended paper 4. Questionnaire 3 was used for data
collection.
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•! Question 5: Can a systematic procedure be developed to improve safety with respect
to the human element in BWM operation?
Solution: A 5-step human error minimization procedure is developed and it is
presented in Chapter 4 of this thesis. Questionnaire 4 was used for data collection.
6.2.1 The Appropriate Concept of Managing Ballast water
In achieving the first objective of this research which is to determine the most appropriate
environment as well as system of managing ballast water the following concepts of managing
ballast water were evaluated: shipboard and onshore concepts of ballast water management
such as shipboard treatment of ballast water, ballast water exchange (BWE), post-loading
onshore ballast water treatment system as well as pre-loading onshore ballast water treatment
system (PreOBWTS). These four concepts were evaluated with respect to their safety,
environmental acceptability, practicability, biological effectiveness and cost effectiveness.
Onshore systems of managing ballast water were the most appropriate from the aggregation
of opinions of two sets of experts interviewed. Data was collected by way of questionnaires
from experts, predominantly from the IMO. Post-loading onshore ballast water treatment
system was selected as the most appropriate followed by shipboard treatment. This research
outcome is discussed and presented in appended paper 3. The aggregative average working
time spent by these experts on ballast water management issues was found to be
approximately over 70%. Port administrators and ship operators/owners on the other hand
selected post-loading and pre-loading onshore treatment systems as the most appropriate in
that order, this outcome is presented in Appendix 1, section 1.3 of this thesis.
In this research, the appended paper 3 presented a novel application of a new multiple criteria
decision-making technique known as Intuitionistic Fuzzy Multi-Attribute Axiomatic Design
(IFMAD) for ballast water management methods evaluation. It has attempted to achieve the
objective of deciding the most suitable environment for managing ballast water using criteria
stipulated by the IMO in the BWM Convention. An extensive discussion on the
methodological framework and the findings with respect to the appropriate system and
environment to manage ballast water is presented in the correspondent appended paper. This
study corroborates previous efforts in ballast water management methods evaluation using
multiple criteria. The study by SWRCB (2002) although preliminary by nature due to the
absence of requisite information at the time of its publication, was not sufficient to
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conclusively assess and make decisions on ballast water management methods based on
quantitative information. The comparative analysis of treatment methods designed for
shipboard application by Acomi and Ghita (2012) and the study by Jing et al. (2013) using
Fuzzy Stochastic Analytic Hierarchy Process (FSAHP), a quantitative method, were
examples of such efforts; however, the criteria used by the Jing et al. (2013) were not exactly
the criteria stipulated in the IMO BWM Convention. In comparison to these publications, this
research has gone further to not only use in a quantitative manner the criteria stipulated by
the IMO, but also used a novel methodology that factors the lack of certainty of experts with
respect to decision making in environments with imprecise data. The hesitation margin
presented by intuitionistic fuzzy set theory (IFST) application in decision-making helps in
giving a more quantitative representation of this data imprecision. This is because it mimics
the human mind more accurately than classical fuzzy decision-making methodology by
factoring the margin of hesitation in the computation of decision outcomes. This study was
also able to show the preference of experts for the onshore or port-based management of
ballast water. The conclusion arrived at by this objective, shows a paradigm shift in expert
opinion in favour of onshore management of ballast water as against the traditional shipboard
management.
Although post-loading onshore BWM System was selected in this study as the most
appropriate BWM System, followed by shipboard management and PreOBWTS in that order,
the authors believe that each of these concepts’ performance can be enhanced with respect to
the stipulated criteria by a decoupling analysis.
To enhance the performance of these concepts of BWM System, this study went further to
design a conceptual model of BWM System that will be in full compliance with the
requirements of the BWM Convention. This conceptual model is applicable for shipboard
and onshore environments as well as all the evaluated concepts, except ballast water exchange
which lacks the capacity to meet the requirements of the independence axiom of AD as well
as the D-2 standard of the BWM Convention.
6.2.2 Regulation-Based Design and Performance Improvement of BWM System
The second and the third objectives were addressed in chapter 5 of this thesis and appended
paper 4, where a modified application of the multi-functional capability of Axiomatic Design
(AD) using the BWM Convention as a guide was used to design a BWM Convention-

89!
!

compliant design of BWM System. Using a modified model of AD, the functional
requirements (FRs) for the design were determined from the BWM Convention. This
contrasts with classical AD were the FRs are determined by customers’ needs. In this case of
the modified AD, it is based on the requirements expressed in the BWM Convention. That is
why the design is referred to as a regulation-based design.
Appended paper 4 presented a novel methodology for the design and performance
enhancement of a regulation-compliant Ballast Water Management (BWM) System was
presented, where three methodologies were integrated in the process. The application of the
multi-functional framework of classical Axiomatic Design (AD) in developing a design
matrix was firstly modified using the influence of the Software-Hardware-EnvironmentLiveware (SHEL) interaction concept to factor all the system’s interacting elements into the
solution design. The BWM Convention was used as a guide to identify the requirements for
the proposed system design. The identified AD couplings in the design matrix were then
analysed using Sufield technique; a concept of Altshuler's Theory of Inventive Problem
Solving (TRIZ). The design's most promising performance enhancement pathways were
subsequently determined and prioritised.
From the outcome of this study, in terms of priority with respect to performance improvement
of the conceptual design, the greatest attention with regards to allocation of resources in the
form of finances and search for innovative solutions should be directed to improving the
environmental acceptability of the system. This is because the solution proffered by this study
to the requirements for appropriate BWM System expressed in Article 2.8 of the BWM
Convention (...avoid as far as practicable, the uptake of Ballast Water with potential HAOP...)
proposes a pre-voyage upload of ballast water (it is represented as DP32 in chapter 5 of this
thesis and appended paper 4). This proposed solution has resulted in the greatest coupling
within the conceptual design as shown by its relative coupling strength (Table 25). Resolving
the coupling, therefore, will have the greatest single impact on the performance of the
designed BWM System. To resolve the coupling, a different solution other than the proposed
‘pre-voyage upload of ballast water’ that could offer better independence (i.e. not interfere
with other functions of the systems) should be devised. The new solution should improve the
environmental acceptability of the BWM System.
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The result of the study showed that environmental acceptability constitutes 38% of the
cumulative coupling strengths of the design parameters (DPs) in the conceptual design of the
BWM System, while the couplings with respect to biological effectiveness at 31% represent
the second most coupled aspect of the design. The BWM Convention’s requirement in
Regulation D-2.1 requires the removal of pathogenic organisms to less than 10 viable
organisms/m3 of greater than or equal to 50µm (Figure 28). The solution proposed by this
study was the use of filtration unit with a mesh size of less than or equal to 150µm represented
by DP411 in chapter 5 and appended paper 4. This has resulted in the second biggest coupling
in the design as stated earlier. One of the major issues raised regarding type-approved BWM
System at IMO’s MEPC recent meetings (MEPC 67 and 68) is the failure of most of the
systems to meet the D-2 standard requirements which are majorly related to the biological
effectiveness of the systems.
Previous studies where AD principles were used are all based on establishing the functional
requirements for the conceptual designs on the needs expressed by customers or prospective
consumers of the conceptual design. In this study, however, the BWM Convention was used
as the source for the functional requirements. The novelty presented here in addition to the
use of the BWM Convention, is in the unique modification of the AD principles, were the
correspondent solutions (DPs) to the identified 16 BWM Convention generated functional
requirements (FRs) were not restricted to only physical attributes but also non-physical
attributes in the application of AD principles. This mixture of physical and non-physical
solutions was a consequence of factoring the human-machine relationship (SHELL) within a
typical BWM System.
6.2.3 Systematic Procedure for Operator Error Minimization in BWM Operation
With over 80% of operational mishaps in complex safety critical systems attributed to human
error, this study was further able to develop a 5-step algorithm for human error minimization
using a combination of the Human Factor Analysis Classification System (HFACS) and a
modification of the Sufield model based on radial dynamics model (RDM) presented in
chapter 4 of this thesis.
Improving the operational safety of BWM System to achieve the objectives of the BWM
Convention’s Regulation D-2 numerical standard and Article 2.7 (...not causing greater harm
than they prevent to their environment, human health....) by minimising human error at the
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human-machine interface is one of the objectives of this research. The human factors
considered in this study have a great influence on the BWM System operator leading to active
failure in the form of violations or/an error at the sharp end or the human-machine interface
of the BWM System operation.
A violation such as procedural shortcuts of not administering the correct dosage of biocides
is a likely example of an unsafe act during a typical BWM System operation. The
consequences of this act are twofold. The first is when less than the required dosage of biocide
is applied; the BWM System will not meet the numerical requirements for biological
effectiveness stipulated in the D-2 standard of the BWM Convention. The second is with
respect to the environmental acceptability of the system, where the discharged treated ballast
water causes more harm to the environment than it prevents (BWM Convention Article 2.7)
as result of administering more than the required dosage of biocides to the ballast water
treatment tank.
Whenever the supervisory functions of the captain (in the case of a shipboard system), BWM
System manager (in the case of an onshore system), the flag state or the port state control
officers are abdicated by tolerating these acts or any act of violation, they could become
accepted as the norm by system operators. The unmitigated supervisory shortcomings of
these supervisors in the form of inadequate supervisions or failure to correct an identified
problem can potentially shift the system’s operational setting outside the safety envelope of
regulatory compliance. The resultant violations will ultimately increase the probability of a
breach or a crack in the BWM System’s safety mechanism resulting in the unwanted event
of the discharge of HAOP into a new environment. This corroborates the primary idea behind
Reason’s model, that errors and violations (active failures) have their origin at the
organisational influence level (latent failures) which has an impact on supervisory controls
like training and oversights which could result in the unsafe acts of errors and violations
(active failure) and ultimately an unwanted event.
A safe and effective operation of a BWM System, therefore, will require an efficient interface
between well-trained operators, properly designed and maintained equipment as well as
properly designed procedures and regulations which are all influenced by the organisational
setup. The outcome of this research has shown the predominance of fatigue, training, and
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complex automation in that order as the human factors with the highest impact on the
performance of BWM System (Table 12).
Previous studies using the HFACS framework (presented also in the literature review in
section 3.6.1 of this thesis) presented only non-quantitative means of human factors analysis
using mainly retrospective data, typical of traditional human factors analysis in accidents. In
achieving the objective 4 however, the five-step algorithm developed by this study to
quantitatively assess human factors and minimise the resultant human error is a novelty. The
algorithm is a combination of the SHEL model of accident causation, the HFACS framework
and the Sufield model of the Theory of Inventive Problem Solving (TRIZ). This algorithm
provides a systematic procedure for quantifying human factor contributions in the
performance of a safety critical system and prioritising them to minimise the likelihood of
operator error by addressing the sources of the errors which are mostly latent.
6.3 Contributions
The following contributions were made by this study in the quest to address the objectives of
this research:
1.! The introduction of a new concept of managing ballast water known as Preloading
Onshore Ballast Water Treatment System (PreOBWTS). The concept entails treating
the host harbour water on a pre-voyage basis onshore before loading to the ship as
ballast water. Aside the general advantages of onshore systems over shipboard
systems such as improved proficiency of operators, spatial advantages economies of
scale and improved crew safety, some unique advantages of this concept include
better protection of local biodiversity; there is no problem of ship delay because of
ships queuing for ballast water to be treated. This is because the ballast water is
already treated and stored in an onshore storage facility in the case of the shore-based
treatment system.
2.! The introduction of a novel application of a new multiple criteria decision-making
technique known as Intuitionistic Fuzzy Multi-Attribute Axiomatic Design (IFMAD)
in ballast water management methods evaluation with respect to IMO criteria. The
criteria stipulated by the IMO for appropriate ballast water management system
development are predominantly imprecise by nature. The applied technique IFMAD
is an integration of extended fuzzy set theory and axiomatic design principles.
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3.! A novel methodology was developed for the design and performance improvement
of BWM System. It is a combination of a modified concept of axiomatic design
principles and Sufield model of the theory of inventive problem solving (TRIZ). The
designed BWM System is known as a regulation-based designed BWM System
because the BWM Convention was used as a guide in the design. This was to ensure
that ultimately the eventual design complies with all the requirements of the BWM
Convention.
4.! A novel combination of HFACS-AHP-TRIZ for quantification of human element
contributions in safety-critical systems’ performance. This novel methodology was
used to develop a systematic procedure for system operator-error minimization in
this research. The methodology can also be employed in the development of a
systematic procedure for system operator-error minimization in safety critical
systems other than BWM Systems.
5.! A new perspective on the dynamics of bio-invasion using principles outside the
traditional realm of ballast water management. The principles used are the tens rule,
the Swiss-cheese model and the concept of spatial sorting was presented. The tens
rule, for example, was used by Williams and Fitter (1996) in analysing invasion of
birds in terrestrial environment setting, but in this research, the concept was used to
explain invasion resulting from the discharge of ballast water containing HAOP in
marine systems. The Swiss-cheese model was used by Reason (2006) to explain the
relationship between human error and accidents in the aviation industry. This was,
however, used in this study to explain the dynamics within a ballast water
management context. Spatial sorting, on the other hand, was used by Shine et al.
(2011) to explain the fact that the successful invasion of some parts of Australia by
cane toads was due to spatial differential factors as against the traditional held
Darwinian proposition of temporal factors. This study was, however, able to explain
the concept of ‘spatial sorting’ within the context of ship ballast water-borne aquatic
organisms invasion.
6.4 Limitations and Future Research Areas
In the attainment of the objectives of this research, some limitations were encountered. The
following are the limitations as well as the research recommendations for the future.
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6.4.1 BWM Systems Evaluation with respect to IMO Criteria using IFMAD
Ballast water management in the future should divide the IMO criteria used in this study
further into their sub-criteria. The subdivision should be robustly justified. Further division
of these criteria to their corresponding sub-criteria could provide a much more detailed and
accurate information regarding the evaluation outcome.
Because of the cumbersome nature of the calculations with respect to the subdivisions of the
criteria, future research should also consider developing decision support software based on
the technique’s algorithm presented in this study.
6.4.2 Other Perspectives for BWM Concepts Evaluation
The data for the BWM Concepts evaluation was collected from an interview with only experts
from the IMO as well as port administrators and ship operators. Further research could look
at the perspectives of BWM System manufacturers as well for a much more holistic view of
the situation.
6.4.3 Evaluation of Type-Approved Systems using IFMAD
The scope of this study was limited to only four generic concepts of BWM; ballast water
exchange (BWE), shipboard treatment of ballast water, post-loading onshore treatment of
ballast water and pre-loading onshore treatment of ballast water (PreOBWTS). It is proposed
here that in the future, IFMAD should be used to evaluate specific type-approved systems
with respect to the IMO criteria to assess their viability and to improve their performance and
compliance with the BWM Convention.
6.4.4 Independence Axiom Evaluation of Type-Approved Systems’ Design
The conceptual design of BWM System presented in this study presented only a general
notion of compliance with the BWM Convention by BWM Systems. Future research should
consider the use of specific type-approved systems. The type-approved systems should be
comparatively evaluated with the conceptual design to identify areas within the typeapproved system that need improvement or even replacement.
6.4.5 Determination of the Human Factors in BWM Operations
Only seven human factors from the precondition for unsafe acts level of HFACS were
considered in this study. The justification for the selection of these set of human factors is
not sufficiently robust. Further work should look at a much more robust procedure for
selecting the most common human factors in BWM operations. Also, the human factors
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should not be limitted to only preconditions to unsafe acts. Other factors high up in the
HFACS hierarchy could also be considered and assessed using the methodology. Also,
retrospective and prospective data from a BWM operation should be considered for future
work on this.
6.4.6 Quantification of Human Element Contributions in Safety Critical System
Operations
The data used in this study in the application of the HFACS-AHP-TRIZ tripod methodology
to provide a relative quantitative prioritisation of the impact of the human factors in the
operation of a BWM system was based on the single-expert information. Future research
should use either retrospective or prospective BWM operations data from multiple experts to
establish the robustness of the new methodology.
6.5 General Research Conclusions and Policy Implications
Some of the challenges with the implementation of the Ballast Water Management (BWM)
Convention is with respect to the very limited available type-approved treatment systems
globally. There are just 69 IMO type-approved systems so far after the last MEPC (MEPC
70) meeting in potentially USD $100 billion global ballast water management market. And
none of these systems has yet received type approval from the US coast guard.
At the IMO’s MEPC 68 meeting in May 2015, one of the major complaints raised regarding
ballast water management is the fact that many administrations do not still allow the discharge
of treated or managed ballast water from ships with ballast water treatment systems still
undergoing testing for type-approval. This is contrary to the provisions of Regulation D-4.1
of the BWM Convention, where there is a proviso for an exemption for such ships. Also at
MEPC 68, the correspondence group established at MEPC 67 to look at issues regarding the
review of the G8 Guidelines (Guidelines for approval of ballast water management systemsResolution MEPC. 174(58)) identified in their report the effect on operational efficiency (i.e.
practicability) and environmental acceptability of temperature in cold and tropical waters.
Also, clarification on the definition of the viability of organisms exposed to ultraviolet
irradiation was made. However, the “grandfathering” concept introduced and agreed upon in
principle at MEPC 67, where early movers (i.e. those who either retrofitted their existing
ships with type-approved systems or those whose new ships were built with type-approved
systems) who installed the systems in good faith (bona fides) prior to the review and
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codification of the guidelines G-8 should not be penalized by parties to the convention. This
generated divided view at MEPC 68, but at MEPC 70 in October 2016, the request to penalise
early movers was rejected. A resolution on the review and codification of guidelines G-8
was however reached. The revised guidelines shall hereafter be referred to as the “Code for
Approval of Ballast Water Management Systems”. Furthermore, the code has also now
assumed a mandatory status, just like the BWM Convention once enforced. With the
ratification of the convention by Finland on 8th September 2016, the global aggregate tonnage
for ratification of the convention was attained. The BWM Convention will, therefore, come
into force by September of 2017.
The special features and contributions of the research methodologies used in this study to
literature is that the model selection technique (IFMAD) used in BWM Systems evaluation
can be applied in the evaluation of systems or processes with predominantly imprecise and
vague evaluation parameters like ecological (environmental), socio-technical (where there is
human- machine interface) and socio-economic. The conceptual design matrix of BWM
System generated from a review of the BWM Convention and based on the Independence
Axiom approach of Axiomatic Design can be used to improve the performances of typeapproved ballast water treatment systems and the design of new and tested BWM Systems
for compliance with the convention. Also, the new methodology comprising of a 5-step
algorithm used in this thesis for operator error quantification can be applicable to other safety
critical operations other than ballast water management to quantitatively analyse the impact
of human factors on the systems’ performances.
In conclusion, this research is proposing that researchers, as well as the IMO, should give
more attention to further research on the socioeconomic and ecological viability of onshore
(port-based) BWM Systems as well as resolving the couplings (functional dependencies) in
BWM Systems’ environmental acceptability as well as biological effectiveness in that order
of priority. This will resolve the uncertainties with respect to the acceptability and
effectiveness of the BWM System especially from the perspectives of important stakeholders
like the ship-owners. The study is also proposing that attention should be given to reducing
human errors emanating from fatigue, training, and complex automation in that order as the
human factors with the highest impact on the performance of BWM System.
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Finally, this research based on the outcome of the evaluation process is also proposing that
an onshore system capable of treating ballast water on a pre-loading and post-loading base
might provide the optimum solution to ballast water management. Also, that those ships
visiting only ports with Pre-loading Onshore Ballast Water Treatment Systems (PreOBWTS)
should be granted exemption from the requirements of Regulation B-3 (on shipboard ballast
water management). This is because PreOBWTS provides the same level of protection as the
shipboard management of ballast water. The exemption should be based on a modified
concept of exemption similar in principle to the same risk area (SRA) concept discussed in
section 2.4 of this thesis. The ‘PreOBWTS ports’ should be considered as having the ‘same
risk’ since the ports have ready supplies of ballast water treated to D-2 standard. The proposed
exemption is not based on biogeographical similarity or hydrodynamics as is the case with
standard SRA but rather on the fact that the onshore systems (PreOBWTS) have ready
provisions for ballast water treated to Regulation D-2 standard of the BWM Convention. The
IMO should develop or modify Guidelines G-8 and G-9 to incorporate procedure for the
approval of onshore systems.

98!
!

REFERENCES
Acomi N., Ghita S., (2012). Using heat treatment of ballast water for killing marine
microorganisms. Adv. Env. Ecosystem Syst. Tourism;40-45.
Ahmad, Y., Husain, S., & Alam, A. (2010). Applying intuitionistic fuzzy approach to reduce
search domain in an accidental case. International Journal of Advanced Computer
Science and Applications, 1(4).
Akeh, L.E., Udoeka, E., Ediang, A.O. & Ediang, A.A. (2004). Ballast water management
and climate change in the coastline of Nigeria (paranomic view). Nigerian
Meteorological Agency, Lagos, Nigeria. EMS annual Meeting Abstracts, vol. 1.
Akyuz, E. (2017)- A marine accident analyzing model to evaluate potential irrational causes
in cargo ships. Safety Science. 92(2017), 17-25.
Amoaka-Atta, S. & Hicks, D. (2002). GIS Decision support system for prevention of ballast
water-borne species introductions, Retrieved June 11, 2012 from
http://proceedings.esri.com/library/userconf/
AQIS, (1993). Ballast Water Management Study. Prepared by Thompson Clarke Shipping
Pty Ltd. Ballast Water Research Series Report No.4, Australian Quarantine and
Inspection Service.Canberra.254 pages.
Ashu. (2013). Intuitionistic fuzzy approach to handle imprecise humanistic queries in
databases. International Journal of Computer Applications, 43(20), 0975-8857.
Atanassov, K. (1986). Intutionistic fuzzy sets. Fuzzy Sets and Systems, 20(1), 87-96.
Doi:10.1016/SO165-0114(86)80034-3
Bae, S., Lee, J., & Ve Chu, C. (2002). Axiomatic design automotive suspension
systems. CIRP Annals- Manufacturing Technology, 51(1), 115-118.
Bang, I., & Heo, G. (2008). An axiomatic design approach in development of nanofluid
coolants. Applied Thermal Engineering, 29(1), 75-90.
Barry, S.C., Hayes, K. R., Hewitt, C.L., Behrens, H.L., Dragsund E. & Bakke, S.M. (2008).
Ballast water risk assessment: principles, processes, and methods. ICES J Mar Sci;
65:121–31.
Bathrellos, G., & Skilodimou, H. (2007). Using the analytic hierarchy process to create and
erosion risk map. A case study in Malakasiotiko stream, Trikala Perfecture. Proceedings

99!
!

of the 11th International Congress, Athens, May, 2007. Bulleting of the Geological
Society of Greece, 40, 1904-1915.
Cacciabue, P.C., (2000). Human factors impact on risk analysis of complex systems. Journal
of Hazardous Materials. 71(2000), 101-116.
Celik, M (2009a). Designing of integrated quality and safety management system (IQSMS)
for shipping operations. Safety Science, 47(5), 569-577.
Celik, M. & Cebi, S. (2009). Analytical HFACS for investigating human error in shipping
accidents. Accident Analysis and Prevention. 41(2009), 66-75.
Celik, M. (2009b). Establishing an integrated process management system (IPMS) in ship
management companies. Expert Systems with Applications, 36(4), 8152-8171.
Celik, M., Cebi, S., Kahraman, C., & Er, I. (2009b). Application of axiomatic design and
TOPSIS methodologies under fuzzy environment for proposing competitive strategies
on Turkish container ports in maritime transportation network. Expert Systems with
Applications, 36(3), 4541-4557.
Celik, M., Kahraman, C., Cebi, S., & Er, I. (2009a). Fuzzy axiomatic design-based
performance evaluation model for docking facilities in shipbuilding industry: The case
of Turkish shipyards. Expert Systems with Applications, 36(1), 599-615.
Celik, M., Kahraman, C., Cebi, S., & Er, I. (2009b). An integrated fuzzy QFD model proposal
on routing of shipping investment decisions in crude oil tanker market. Expert Systems
with Applications, 36(3), 6227-6235.3
Chauvin, C., Lardjane, S., Morel, G., Clostermann, J.-P., Langard, B., 2013. Human and
organisational factors in maritime accidents: analysis of collisions at sea using the
HFACS. Accid. Anal. Prev. 59, 26–37.
Chen, H. T. (2014). Applying fuzzy multiple criteria decision-making method and service
failure index to evaluate restaurants' performance. Journal of Management Strategy,
5(4), 14-25.
Chen, K., Feng, X., & Zhang, B. (2003). Development of computer-aided quotation system
for manufacturing enterprises using axiomatic design. International Journal of
Production Research, 41(1), 171-191.
Chen, S.T., Wall, A., David, P., Yang, Z., Wang, J., & Chou, H. Y. (2013). A human &
organisational factors (HOFs) analysis method for marine casualties using HFACSMaritime Accidents (HFACS-MA). Safety Science. 60(2013), 105-114.

100!
!

Choudhary, D., & Shankar, R. (2012). A STEEP-fuzzy AHP-TOPSIS framework for
evaluation and selection of thermal power plant location- A case study from India.
Energy, 42, 510-521.
Cochran, D., Eversheim, W., Kubin, G., & Sesterhenn, M. (2000). The application of AD
and lean management principles in the scope of production system
segmentation. International Journal of Production Research, 38(6), 1159-1173.
Collins, S., Newhouse, R., Porter, J., & Talsma, A., (2013). Effectiveness of the surgical
safety checklist in correcting errors: A literature review applying Swiss Cheese Model.
ACORN: Official Voice of Peri Operative Nursing, 10, 10016-10016.
COWI. (2012). Ballast water treatment in ports: Feasibility study. A consortium of Danish
Ship Owners’ Association, Maersk A/S, DFDS A/S and Danish Ports.
Das, S., & Guha, D. (2016). A centroid-based ranking method of trapezoidal Intuitionistic
fuzzy numbers and its application to MCDM problems. Fuzzy information and
engineering, 2016(8), 41-74.
David, M., & Gollasch, S. (Eds.). (2014). Global Maritime Transport and Ballast Water
Management: Issues and Solutions (Vol. 8). Springer.
Decola, E. and Fletcher, S., (2006). An assessment of the role of human factors in oil spills
from vessels. Report: Nuka Research and Planning Group, LLC.
Donnarumma, A., Poppalardo, M., & Ve Pellegrino, A. (2002). Measure of independence in
soft design. Journal of Materials Processing Technology, 124, 32-35.
Donner, P. (2010). In B Kjerve (Chair). Ballast water treatment ashore brings more benefits.
In Bellefontaine, N.; Haag, F.; Linden, O. and Matheickal, J. (Eds.), Emerging ballast
water management systems (pp. 97-105). Malmo, Sweden: WMU Publications.
Dumitru, I. M. & Boscoianu, M. (2015). Human factors contribution to aviation safety.
AFASES 2015 28-30 May.
Durmusoglu, M., & Kulak, O. (2008). A methodology for the design of office cells using
axiomatic design principles. Omega, 36, 633-652.
Edwards, E., (1972). Man, and machine: systems for safety. In: Proceedings of BritishAirline
Pilots Associations Technical Symposium. British Airline Pilots Associations, London,
21,36.
Ekweozor, I.K.E, Kuroshi, L., Lindén, O. (2016) Bio-security risk assessment of ship
discharged ballast water based on some underlying theories. 13th International

101#
#

Conference on Protection and Restoration of the Environment. Mykonos Island,
Greece. July 2016, pp 262-271. ISBN: 978-960-6865-94-7.
Emblemsvag, J., & Tonning, L. (2003). Decision support in selecting maintenance
organisation. Journal of Quality in Maintenance Engineering, 9(1), 11-24.
Ferrer, I., Rios, J., & Ciur, J. (2009). An approach to integrate manufacturing process
information in part design phases. Journal of Materials Processing Technology,209(4),
2085-2091.
GESAMP., (2013). Revised GESAMP hazard evaluation procedure for chemical substances
GloBallast. (2004). Ballast water treatment R & D directory. 2nd Edition. International
Maritime Organisation. London. http://globallast.IMO.org. pp15.
Goel, P., & Ve Singh, N. (1998). Creativity and innovation in durable product
development. Computers and Industrial Engineering, 35(1-2), 5-8.
Gosh, D. (2011). Analytic hierarchy process and TOPSIS method to evaluate faculty
performance in engineering education. UNIASCIT, 1(2), 63-70.
Guler, M. (2008). Incorporating multicriteria considerations into supplier selection problem
using analytic hierarchy process: A case study. Journal of Yaser University, 3(12), 17871810.
Gunasakera, J., & Ali, A. (1995). A three-step approach to designing a metal-forming
process. JOM- Journal of the Minerals Metals and Materials Society, 47(6), 22-25.
Harutunian, V., Nordlund, M., Tate, D., & Suh, N. (1996). Decision making and software
tools for product development based on axiomatic design. Annals of the CIRP, 45(1),
135-139.
Hawkins, F.H., (1993). Human Factors in Flight. Ashgate, Aldershot, England
Helander, M. (2007). Using design equations to identify sources of complexity in humanmachine interaction. Theoretical Issues in Ergonomics Science, 8(2), 123-146
Heo, G., & Lee, S. (2007). Design evaluation of engineering core cooling systems using
axiomatic design. Nuclear Engineering and Design, 232, 38-42.
Heo, G., & Jeong, Y.H., (2008). Design of safety injection tanks using axiomatic design and
triz. Interlaken, Switzerland, 20-26 September, paper No. 200. pp 1-12.
Hirani, H., & ve Suh, N.P., 2005. Journal bearing design using multi-objective genetic
algorithm and axiomatic design approaches. Tribology International, 38, 481-491.

102#
#

Houshmand, M., & Jamshidnezhad, B. (2006). An extended model of design process of lean
production systems by means of process variables. Robotics and Computer- Integrated
Manufacturing, 22, 1-16.
Huang, G., & Jiang, Z. (2002). Web-based design review of fuel pumps using fuzzy set
theory. Engineering Applications of Artificial Intelligence, 15, 529-539.
Humphrey, D.B., (2008). Characterizing ballast water as a vector for nonindigenous
zooplankton transport. A Thesis Submitted in Partial Fulfillment of the Requirement for
the Degree of Master of Science in the Faculty of Graduate Studies (Oceanography). The
University of British Columbia (Vancouver), September 2008.
IMO, (2004). Adoption of the final act and any instruments, recommendations and
resolutions resulting from the work of the Conference: International Convention for the
Control and Management of Ships’ Ballast Water and Sediments, 2004, Text adopted by
the Conference (BWM/CONF/36), London. http://docs.imo.org/.
IMO, (2005). International convention for the control and management of ships’ ballast water
and sediments. Report of the Marine Environment Protection Committee on its fiftythird session (MEPC 53/24/Add.1) London. Retrieved September 11, 2010 from
http://docs.imo.org/
IMO, (2008a), April 4). Report of the Marine Environment Protection Committee on its fiftyseventh session (MEPC 57/21). London. http://docs.imo.org/.
IMO, (2008b), International Convention for the control and management of ships’ ballast
water and sediments, 2004. Communication received from the Administration of the
United Kingdom on behalf of the contracting parties of the OSPAR and Helsinki
Conventions (BWM.2/Circ.14). London. http://docs.imo.org/.
IMO, (2008c). IMDG code: International maritime dangerous goods code: incorporating
amendment 34-08. London: International Maritime Organisation.
IMO. (2016a). Introduction of the same risk area concept in relation to the Ballast Water
Management Convention and its guidelines (MEPC 69/INF.25). London.
http:// docs.imo.org/
IMO. (2016b). Same risk area approach to exemption under regulation A-4 of the Ballast
Water Management Convention (MEPC 70/4/6). London. http:// docs.imo.org/
IMO. (2016c). Introduction of the same risk area concept in relation to the Ballast Water
Management Convention (MEPC 70/INF.21). London. http:// docs.imo.org/

103#
#

Jang, B., Yang, Y., Song, Y., Yeun, Y., & Do, S. (2002). Axiomatic design approach for
marine design problems. Marine Structures, 15(35-56), 35-56.
Jing L, Chen B, Zhang B., Peng, H., (2013). A hybrid fuzzy stochastic analytical hierarchy
process (FSAHP) approach for evaluating ballast water treatment technologies. Environ
Syst Res 2013; 2(10).
Kahraman, C., & Cebi, S. (2009). A new multi-attribute decision making method:
Hierarchical fuzzy axiomatic design. Expert Systems with Applications, 36(3), 48484861.
Kahraman, C., & Kulak, O. (2008). Fuzzy multi-attribute decision making using an
information axiom -based approach. 209-233.
Kahraman, C., Cebeci, U & Ulukan, Z. (2003)- Multi-criteria supplier selection using fuzzy
AHP. Logistics Information Management, 16(6), 382-394.
Kang, Y.J., (2004). The method for uncoupling design by Contradiction Matrix of TRIZ, and
Case Study, Proceedings of ICAD2004, The Third International Conference on
Axiomatic Design, Seoul, June 21-24
Keropyan, A., & Lafuente, A. M. G. (2011)- A fuzzy-based decision model application on
strategic management. African Journal of Business Management, 5(15), 6586-6590.
Khandekar, A., & Chakraborty, S. (2015). Selection in industrial robot using axiomatic
design principles in fuzzy environment. Decision Science Letters, 2015, 181-192.
Kim, D., Chang, K., & Cha, K. (2003). Tribological design methods for minimum surface
damage of HDD slider. Tribology International, 36, 467-473.
Kim, S., Suh, N., & Kim, S. (1991). Design of software systems based on AD. Robotics and
Computer - Integrated Manufacturing, 8(4), 243-255.
Kim, Y.S., Cochran, D.S., (2000). Reviewing TRIZ from the perspective of axiomatic design.
J. Eng. Des. 1(11): 79-94.
Kulak, O., & Kahraman, C. (2005a). Fuzzy multi-attribute selection among transportation
companies using axiomatic design and analytic hierarchy process. Information
Sciences, 170, 191-210.
Kulak, O., & Kahraman, C. (2005b). Multi-attribute comparison of advanced manufacturing
systems using fuzzy vs. crispy axiomatic design approach. International Journal of
Production Economics, 95, 415-424.

104#
#

Kulak, O., Durmusoglu, M., & Kahraman, C. (2005). Fuzzy multi-attribute equipment
selection based on information axiom. Journal of Materials Processing
Technology,2005(169), 337-345.
Kulak, O., Durmusoglu, M., & Tufekci, S. (2005). A complete cellular manufacturing system
design methodology based on axiomatic design principles. Computers and Industrial
Engineering, 48(4), 765-787.
Kuroshi, A.L., Alabi, O.L., & Kuroshi, A.P. (2013). Preloading onshore ballast water
treatment system (PreOBWTS): A viable proposition for developing economies. A
presentation at the Global R &D Forum and Exhibition on Ballast Water Management,
Busan, Korea 2325 October 2013.
Kuroshi, L., & Ölçer, A., (2016). Technique selection and evaluation of ballast water
management methods under an intuitionistic fuzzy environment: An information axiom
approach. Int. J. Eng. Marit. Environ. (Proc. Inst. Mech. Eng. Part M).
Kuroshi, L.A. (2012). Onshore ballast water treatment stations: A harbour specific vector
management proposition. Thesis Submitted to the World Maritime University, Malmo,
Sweden for the Award of a Master of Science Degree.
Lazim, A., & Wahab, M. (2010). A fuzzy decision making approach in evaluating ferry
service quality. Management Research and Practice, 2(1), 84-107.
Leape, L L., Bates, D. W., Cullen, D. J., Cooper, J., Demonaco, H.J., Gallivan, T., & Hallisey,
R. (1995). Systems analysis of adverse drug events. ADE prevention study group.
Journal of the American Medical Association, 274(1):35-43.
Lee, H., Seo, H., & Park, G. (2003). Design enhancements for stress relaxation in automotive
multi-shell structures. International Journal of Solids and Structures, 40, 5319-5334.
Lee, J., & Shin, H. (2008). Parameter design of water jet nozzle utilizing independence
axiom. Proceedings of the Institution of Mechanical Engineers. Part E: Journal of
Materials Processing Technology, 222(3), 157-169.
Lee, K.W., 2005. Mutual compensation of TRIZ and axiomatic design. The Proceedings of
the European TRIZ Association Conference, TRIZ Futures, Graz, Austria, November.
Li, M. (2013). Extension of axiomatic design principles for multi-criteria decision making
problem in intuitionistic fuzzy environment. Mathematical Problem in Engineering,
2013, 1-11.

105#
#

Li, Y., & Thimbleby, H., 2014. Hot cheese: A processed Swiss cheese model. Journal of
Royal College of Physicians, Edinburgh, 44(1), 16-21. Retrieved March 12, 2015 from
http://www.ncbi.nlm.nih.gov/pubmed.
Lima, M., Pires, C., Piratelli, C., Belderrain, M., & Correia, A. (2007). Using analytic
hierarchy process for analysis and choice of Brazilian cargo airlines. ISAHP, 2007, 110.
Lindkvst, L., & Söderberk, R. (2003). Computer-aided tolerance chain and stability
analysis. Journal of Engineering Design, 14(1), 17-39.
Lindstrom, T., Brown, G.P., Sisson, S.A., Phillips, B.L., & Shine, R., (2013). Rapid shifts in
dispersal behavior on an expanding range edge. PNAS, 110(33), 1345213456.doi:10.1073/pnas, 1303157110.
Lloyd’s List. (2014, August 14). Lloyd’s list ballast water survey 2014. Retrieved from
www.lloydslist.com/ll/static/classified/article448265.../ballast-water-result.
Lo, S., & Helander, M. (2007). Use of axiomatic design principles for analysing the
complexity of human-machine systems. Theoretical Issues in Ergonomics Science,8(2),
47-169.
Lubnau, T., & Okray, R., (2004). Crew Resource Management for the Fire Service. PennWell
Books. Tulsa.
Mann, D., (2002). Axiomatic design and TRIZ: Compatibilities and contradictions.
Proceedings of ICAD 2002. 2nd International Conference on Axiomatic Design,
Cambridge, MA, June 10-11.
Mardani, A., Jusoh, A., & Zavadskas, E. (2015). Fuzzy multiple criteria decision-making
techniques and application- Two decades’ review from 1994-2014. Expert Systems with
Applications, 42, 4126-4148.
Meer, R.V. (2012). Ballast water risk assessment in the North Sea: Evaluating ballast water
management exemption in the North Sea region. A thesis presented to the Faculty of
Mathematics and Natural Sciences, University of Groningen in partial fulfilment for the
award of Master's degree in Energy and Environmental Sciences.
Nakao, M., Kobayashi, N., Hamada, K., Totsuka, T., & Yamada, S. (2007). Decoupling
execution in navigating manufacturing processes for shortening lead time and its
implementation to an unmanned machine shop. CIRP Annals- Manufacturing
Technology, 56(1), 171-174.

106#
#

Oemke, D. (1999). The treatment of ships’ ballast water. EcoPorts Monograph Series, 8, 102
pages.
Ölçer, A.I., & Odabaşi, A.Y. (2005). A new fuzzy multiple attributive group decision making
methodology and its application to propulsion/manoeuvring system selection problem.
European Journal of Operational Research, Volume 166, Issue 1, 1 October 2005, Pages
93-114.
Padma, T., & Shantharajah, S. (2012). Intelligent fuzzy analytic hierarchy processing
decision support system -An aid in expert analysis of shoulderand neck pain
occupational factors. Oriental Journal of Computer Science and Technology, 5(2), 303313.
Patterson, J.M., & Shappell, S.A. (2010). Operator error & system deficiencies- Analysis of
508 mining incidents & accidents from Queensland, Australia using HFACS. Accident
Analysis and Prevention. 42(2010), 1379-1385.
Raaymakers S. (2002). The ballast water problem: Global ecological, economic and human
health impacts. Paper presented at the RECSO/IMO Joint Seminar on Tanker Ballast
Water Management and Technologies Global ballast water management program.
Reason, J., (1990). The Contribution of Latent Human Failures to The Breakdown of
Complex Systems. Philosophical Transactions of the Royal Society of London. Series
B, Biological Sciences (1934-1990), 475-484.
Reason, J., Hollnagel, E., & Paries, J., (2006). Revisiting the Swiss cheese model of accident.
European Organisation for the Safety of Air Navigation, 13(6), 1-35.
Rees, G., Karunasagar, I. & Santo Domingo, J. (2010). Driving forces and risk management.
In G. Rees, K. Pond, D. Kay, J. Bartram & J. Santo Domingo (Eds.), Safe Management
of Shellfish and Harvest Waters. Published on behalf of the World Health Organisation
by
IWA
Publishing,
London. http://whqlibdoc. who.int/publications/2010/9789241563826_eng.pdf
Rigby, G. R. & Taylor, A.H. (1999). Progress in the management and treatment of ships’
ballast water to minimize the risks of translocating harmful non-indigenous aquatic
organisms. Retrieved August 11, 2010 from http://www.nsgl.gso.uri.edu/mit/pdf.
Rothblum, A.
(2000).
Human error and marine safety.
Conference, Linthicum, MD, March 13!14, 2000.

Maritime Human Factors

Ruiz, G., & Reid, D. F., (2007). Current state of understanding about the effectiveness of
ballast water exchange (BWE) in reducing aquatic nonindigenous species (ANS)
introductions to the great lakes basin and Chesapeake Bay, USA: Synthesis and analysis

107#
#

of existing information. NOAA Technical Memorandum GLERL-142 Retrieved from
website:
http://www.klgates.com/fcwsite/ballast_water/technical/noaa_understanding.pdf.
Saaty, T. L. (11980). The analytic hierarchy process: Planning, priority setting, resource
allocation, McGraw-Hill International Book Co., New York/London.
Saaty, T. L. (2010). Creative Thinking, Problem Solving & Decision Making. RWS
Publications, Pittsburgh, PA, 4th.
Savransky, S., 2000. Engineering of Creativity. Boca Raton, Fl. CRC Press.
Schnetzler, M., Sennheiser, A., & Schönsleben, P. (2007). A decomposition-based approach
for the development of a supply chain strategy. International Journal of Production
Economics, 105, 21-42.
Schröder-Hinrichs, J.-U., Baldauf, M., Ghirxi, K.-T., (2011). Accident investigation
reporting deficiencies related to organisational factors in machinery space fires and
explosions. Accident Analysis and Prevention 43, 1187–1196.
Sheikh, R., & Nazemi, M. (2011). Designing the sales process in retail shops by axiomatic
design principles. Proceedings of The Sixth International Conference on Axiomatic
Design, Daejeon, March 30-31, 2011, ICAD-2011-17
Shin, G.S., & Park, P.J., (2006). Decoupling process of a coupled design using the TRIZ
module. Proceedings of ICAD2006, the 4th International Conference on Axiomatic
Design, Firenze, June 13-16
Shin, M., Lee, H., Lee, J., Song, K., & Park, G. (2008). Optimization of a nuclear fuel spacer
grid
spring
using
homology
constraints. Nuclear
Engineering
and
Design,238(10), 2624-2634.
Shine, R., Brown, G.P., & Phillips, B.L. (2011). An evolutionary process that assembles
phenotypes through space rather than through time. PNAS, 108(14), 57085711doi:10.1073/pnas.1018989108.
Shirwaiker, R.A. and Okudan, G.E., (2008). Triz and axiomatic design: a review of casestudies and a proposed synergistic use, J. Intel. Manuf., 19(1):33-47.
Siddiqui, Z., Abdullah, A., Khan, M., & Alghathbar, K. (2011). Analysis of enterprise service
buses based on information security, interoperability and high availability using analytic
hierarchy process (AHP) method. International Journal of the Physical Sciences, 6(1),
35-42.

108#
#

Suh, N. (1990). The principles of design. New York: Oxford University Press.
Suh, N. (1995). Axiomatic design of mechanical systems. Special 50th Anniversary,
Combined Issue of the Journal of Mechanical Design and the Journal of the Vibration
of Acoustics, ASME, 17, 1-10.
Suh, N. (2005). Complexity in engineering. CIRP Annals Manufacturing Technology,54(2),
46-63.
Suh, N., & Do, S. (2000). Axiomatic design of software systems. Annals of the CIRP,49(1),
95-100.
Suh, N., Cochran, D., & Paulo, C. (1998). Manufacturing system design. Annals of the
CIRP, 47(2), 627-639.
Swain, D. (2013). Supplier selectin in risk consideration: A fuzzy based TOPSIS approach.
Thesis Submitted to the National Institute of Technology, Rourkela, India, 1-36.
SWRCB, (2002). Evaluation of ballast water treatment technology for control of nonindigenous aquatic organisms. A report from State Water Resources Control Board,
California Environmental Protection Agency.
Thielman, J., Brumm, B., Edmonson, R., (2005). Evaluation of general atomics GT-MHR
reactor cavity cooling system using axiomatic design approach. Oregon State University,
Corvallis, OR.
Thompson, M., Thomas, B., & Hopkins, J. (2009). Applying axiomatic design to educational
process. Proceedings of ICAD 2009. The Fifth International Conference on Axiomatic
Design, Campus De Caparic, March 25-27, 2009, 2009(13).
Tian, Q., Zhong, Y., Xiao, R., Du, Y., Yang, H., 2010 The Study and Application of
Integrating Axiomatic Design and TRIZ for Conceptual Design. International Journal
of CAD/CAM, Vol. 10(1).
Tsaur, S., Chang, T., & Yen, C. (2002). The evaluation of airline service quality by fuzzy
MCDM. Tourism Management, 23, 107-115.
Underwood, P., & Waterson, P., (2013). Systems thinking, the Swiss Cheese Model and
accident analysis: A comparative systemic analysis of the Grayrigg train derailment
using the ATSB, AcciMap and STAMP models. Accident Analysis & Prevention, 68,
75-94.

109#
#

Urban, M. C., Phillips, B. L., Skelly, D. K., & Shine, R., (2008). A toad more traveled: The
heterogenous invasion dynamics of cane toads in Australia. The American Naturalist,
171(3), E134-E148. doi:10.1086/527494
Veldhuis, M., Hallers, C., Riviere, E. B., Fuhr, F., Finke, J., Steehouwer, P. P., Star, I., &
Sloote, C. (2010). In B Kjerve (Chair). Ballast water treatment ashore brings more
benefits. In Bellefontaine, N.; Haag, F.; Linden, O. and Matheickal, J. (Eds.), Emerging
ballast water management systems (pp. 97-105). Malmo, Sweden: WMU Publications.
Verhoeve, K. N. R., Wolsak, T. D., Groeneweg, J., Lancioni, G. E., & Metaal, N. (2004,
January). Optimizing fact-finding in incident investigation and analysis using Tripod
TRACK. In SPE Asia Pacific Oil and Gas Conference and Exhibition. Society of
Petroleum Engineers.
Volaric, T., Brajkovic, E., & Sjekavica, T. (2006). Selections of the multimedia applications
for learning using FAHP and TOPSIS methods. Recent Advances in Information
Science, 44-48.
Wesley, W., Chang, P., Verosto, S., Atsavapranee, P., Reid, D. F., & Jenkins, P. T. (2006).
Computational and experimental analysis of ballast water exchange. Naval
Engineering Journal, 3, 25-36.
Wiegmann, D.A. & Shappell, S.A. (2001). Human error analysis of commercial aviation
accidents: Application of the Human Factors Analysis and Classification System
(HFACS). Aviation, Space and Environmental Medicine. 72(11), 1006-1016.
Wiegmann, D.A., & Shappell, S.A. (2003)- A human error approach to aviation accident
analysis: The human factors analysis and classification system. Vermont: Ashgate
Publishing Limited.
Williamson, M., & Fitter, A., (1996). The characters of successful invaders. Biological
Conservation, 78, 163-170.
Xie, Y., & Chen, P. (2004). Crumb rubber filtration for ballast water treatment: A
preliminary study., Singapore. Retrieved from http://water.usgs.gov/wrri/0203grants_new/prog-compl-reports/2003PA11B.pdf.
Yan, J., Histon, J., (2014). Identifying emerging human factors risks in north american airline
operations: a HFACS analysis of accident and incident investigation reports. In:
Proceedings of the Human Factors and Ergonomics Society Annual Meeting-2014,
58(1), 120-124.

110#
#

Yang, K., Zhang, H., (2000a). A comparison of triz and axiomatic design. Proceedings of
ICAD2000, International Conference on Axiomatic Design, Cambridge, MA, June 2123.
Yang, K., Zhang, H., (2000b). Enhancing robust design with the aid of TRIZ and axiomatic
design. Proceedings of ICAD2000, International Conference on Axiomatic Design,
Cambridge, MA, June 21-23.
Yi, J., & Park, G. (2005). Development of a design system for EPS cushioning package of a
monitor using axiomatic design. Advances in Engineering Software, 36, 273-284.
Zadeh, L. (1965). Fuzzy sets. Information and Control, 8(3), 338-353. Doi:10.1016/S00199958(65)9024-X.
Zhan, Q., Zheng, W. & Zhao, B. (2017). A hybrid human and organisational analysis method
for railway accidents based on HFACS-Railway Accidents (HFACS-RAs). Safety
Science 91(2017), 232-250.
Zhang, L., Xu, X., & Tao, L. (2013). Some similarity measures for triangular fuzzy numbers
and their applications in multiple criteria group decision-making. Journal of Applied
Mathematics, 2013, Article ID 538261, 7 pages.

111#
#

APPENDICES
!

APPENDIX 1: SUMMARY OF APPENDED PAPERS
!

!
!
!
!
!

Summary of Appended Papers
!
!
!
!
!
!
!
!
!
!
!
!
!

112!
!

!

SUMMARY OF APPENDED PAPERS
The appended papers to this thesis presented in this section give a summary of some of the
results and conclusions towards achieving the aim of the research which is ‘developing an
optimum ballast water management process’. Paper 1 introduced a new concept of managing
ballast water known as Preloading Onshore Ballast Water Treatment System (PreOBWTS).
This new method was evaluated in paper 3 together with existing concepts of managing
ballast water such as Post-Loading Onshore Ballast Water Management Method, Ballast
Water Exchange (BWE) and Shipboard Management of Ballast Water. The evaluation was
with respect to IMO criteria of safety, environmental acceptability, practicability, biological
effectiveness and cost effectiveness. In paper 2, some theories that will enhance an
understanding of ballast water management and the fate of ballast water-borne aquatic
organisms was discussed in the light of these theories. In paper 4, a conceptual design of
ballast water management system that complies with the ballast water management
convention requirements is achieved using the principles of axiomatic design and the BWM
Convention. This design is further improved using the technique of inventive problem solving
(TRIZ).
In summary, the following contributions were made by the appended papers towards
developing an optimum ballast water management process;
i.!

The introduction of a new concept of managing ballast water known as
PreOBWTS.

ii.!

The selection of the most suitable technique for evaluating ballast water
management concepts in view of IMO’s criteria.

iii.!

The selected technique was used to determine the most appropriate ballast
water management system.

iv.!

A design of BWM system that is robust and capable of satisfying IMO’s
policies with respect to ballast water management is achieved

v.!

The design’s performance was subsequently improved

The following is a more detailed summary of each appended paper:
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1.1 Pre-loading Onshore Ballast Water Treatment System (PreOBWTS): A Viable
Option for Developing Economies (Paper 1).
In view of the huge attendant cost of installing treatment systems onboard ships, ships
belonging to developing economies or ship-owners from such countries or regions might be
at a comparative disadvantage with regards to their competitors and colleagues in the
shipping business from the developed parts of the world. The mandatory requirement by the
IMO for all ships to install capital intensive equipment like the BWM System might just be
the right business disincentive to ship-owners from poorer regions of the world. Ship-based
or shipboard treatment system, however, might have some possible comparative downsides.
Onshore systems, therefore, might just be the path of least resistance to BWM Convention
compliance for these countries. Oemke (1999), Donner (2010) and Kuroshi (2012) have
identified economies of scale, proficiency of operators, spatial advantage, redundancy,
affordability, the safety of crew as some of the advantages the onshore treatment system
might have over the shipboard system.
Regulation B-3.7 of the BWM Convention accepts the use of "alternatives" for the treatment
of ballast water so long as "such methods ensure at least the same level of protection to the
environment, human health...", as required by Regulation D-2. This informed the need,
therefore, to explore other possible treatment systems/methods. Some identified advantages
of onshore systems over shipboard include:
•! Encourages proficiency of operators- The operators of the port-based ballast water
management system are either employees of the port authority or private managers
of the system, and ballast water management system operation might be their main
job function. This enhances the employees’ proficiency on the job over time, unlike
in the case of ship-crew where their training and job function is not likely to primarily
be ballast water management operations.
•! Spatial advantage- Onshore systems have a spatial advantage over shipboard because
of the ample space available onshore for storage of chemicals and system retrofit and
redundancy.
•! Improves crew safety- Because the management of ballast water is off-shored to
onshore facilities, fatigue-related mistakes and incidents by ship crew will be
minimised as their workload would have been lessened.
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•! Economies of scale- Just a single onshore treatment system installed in a port can
take care of the ballast water management needs of many ships at once. This is one
of the advantages of onshore treatment of ballast water.
•! Self-sustaining- An onshore system can generate sufficient revenue from treated
ballast water services rendered to visiting ships especially in busy ports.
A post loading onshore treatment system (i.e. treatment of ballast water at the end of the
voyage) looks promising but unfortunately, it also has some limitations with respect to ship
lightering and ship delay identified by Oemke (1999), Kuroshi (2012) and Kuroshi et al.
(2013).
In this paper, a novel concept of managing ballast water known as Preloading Onshore Ballast
Water Treatment System (PreOBWTS) was presented. The concept of PreOBWTS is an
onshore port-based ballast water management solution that entails treating a host Harbour
water on a pre-voyage basis. PreOBWTS is defined as a preventive and Last Port of Call
(LPOC) solution which allows for the treatment of harbour water of the port before it is
uploaded as ballast water into a ship (Figure 31).

Figure 31: A Representation of Pre-Loading Onshore Ballast Water Treatment System
(PreOBWTS) showing (a) Shore-based and (b) Barge-based systems.
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A unique aspect of the PreOBWTS is the host port's stable condition as well as the
background knowledge the Port Authority should possess regarding the biological and
physicochemical characteristics of the host port environment. The system can be either shorebased or barge-based or a combination of both (Figure 31), and it is aimed at achieving the
requirements of regulation D-2 of the BWM Convention by removing planktons that are
characteristically native or resident in that port aquatic environment before the water is loaded
as ballast into the ballast water tank of the ship.
PreOBTWS could also potentially take care of some of the downsides of Post-loading
onshore treatment system (i.e. Post-loading treatment system) in the following areas:
•! Ship lightering -ballast water discharged for lightering in times of emergency was
already treated by shore facility (PreOBWTS) at last port of call (LPOC), therefore
environmentally safe,
•! Ship delays –there is an availability of treated ballast water at next port of call (NPOC)
for arriving ship. This takes care of concerns regarding ship delay in ports for treated
ballast water.
•!

Space limitation -the treatment system can either be remotely located in ports
experiencing spatial limitation or barge-based PreOBWTS could be used.

•! Protection of biodiversity- local aquatic organisms that could not pass through the grit
of the primary treatment stage (filtration) are discharged back to the environment,
thus preserving biological diversity.
From the outcome of the study, some of the downsides of post-loading onshore treatment
system such as ship lightering -where ships discharge ballast water to lower draft to enter a
shallow channel or cross over a shallow bar- can be effectively handled by the PreOBWTS
concept. Aside from this, PreOBWTS assures the safe discharge of ballast water by ship at
any point, since the ship’s ballast water has already been treated prior to the voyage. Also,
issues regarding ship delays at ports in order to offload ballast water into treatment systems
do not arise in the case of the PreOBWTS. It is safe to discharge the ballast water into
surrounding water because it has already been treated (Figure 4). Space limitation in the port
for the project need not be a serious concern as the system can be remotely sited and by means
of piping system can serve the visiting ships in the harbour. A visiting ship having a reduced
port turnaround time due to less port state control BWM Convention compliance functions
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is also another important advantage of this concept over both shipboard and post-loading
onshore treatment systems.
The paper was concluded with a brief financial analysis of the amount of money in United
States Dollars that can be generated for port authorities by this concept based on findings by
the Australian Quarantine and Inspection Service (AQIS, 1993) and the year 2010 ship traffic
data from six major ports in Nigeria.
1.2 Bio-Security Risk Assessment of Ship Discharged Ballast Water Based on some
Underlying Theories (Paper 2)
In paper 2, some generic theories and principles from non-ballast water management domain
were used to enhance our understanding of the concept of bio-invasion and its management.
Based on these principles the journey of aquatic organisms was briefly chronicled from
entrainment into ship's ballast water tank to discharge into a new marine environment and
ultimately invasion. The precautionary principle was used to establish the fact that all aquatic
organisms are potentially invasive so far as the environmental conditioning and supportive
of the organisms’ survivability, establishment, productivity and ultimately invasibility. The
tens rule propounded by Williamson and Fitter (1996) was used to account for a statistical
regularity that exists between the different stages of organisms’ journey to invasion. It
proposes that only one tenth of organisms survive each stage of introduction, establishment,
and invasion.

!

!
Figure 32: Metaphorical Swiss-Cheese Model of Human-Induced Barrier for Ballast Water
Management (modified from Reason et al., 2006).
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The Reasons’ Swiss-cheese model (Reason, 2006) was also used to help explain the dynamics
within a typical human-induced ballast water management safety mechanisms installed to
forestall the discharge of Harmful Aquatic Organisms and Pathogens (HAOP) into new
environments. The model likens these safety measures to multiple slices of Swiss cheese
stacked side by side (Figure 32).
The concept of ‘spatial sorting’ as presented by Shine et al. (2011) and explained further by
Lindstrom et al. (2013) by which organisms are proposed to be differentially successful
through space rather than through time in contrast to Charles Darwin’s 1859 proposition of
the natural selectivity of organisms over time. In the context of ballast water management,
therefore, the seaports are regarded as invasion fronts were spatial sorting occurs. The study
postulates that in the seaports, there is an aggregation of aquatic organisms that have over
space rather than time acquired some resilience (due to both genotypic and phenotypic
modifications) to some of the management measures we might install to mitigate or prevent
their transfer to new environments. These organisms tend to mate with each other in an
assortative manner, producing offspring which are much more resilient than their forbears.
Using taxonomic and physicochemical data from ballast water samples collected from two
seaports and four ships, the paper explained the fate of the ballast water-borne aquatic
organisms identified in the samples from the perspectives of these underlying theories.
1.3 Technique Selection and Evaluation of Ballast Water Management Methods under
an Intuitionistic Fuzzy Environment: An Information Axiom Approach (Paper 3)
This paper answers two pertinent questions necessary to achieving the aim of this research;
which is developing an optimum ballast water management process.
a)! Which is the most suitable multi-criteria decision-making technique for evaluating
ballast water management methods in view of the characteristics of IMO criteria?
b)! Which concept of managing ballast water is the most appropriate with respect to the
IMO criteria?
To answer the first question, the top 5 of the 10 most appropriated multi-criteria decisionmaking techniques used in literature in the last 20 years were evaluated with respect to ease
of use, wide applicability in literature, compatibility with nature of problem, closeness of
methodology to similar case in literature, and affordability (Figure 9). Axiomatic Design (AD)
was selected with respect to the criteria as the most suitable technique to evaluate Ballast
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Water Management Systems using linguistic preferences from three multiple criteria decision
making experts.
The selected AD technique was then extended from fuzzy AD to Intuitionistic fuzzy multicriteria axiomatic design (IFMAD) which is an integration of Intuitionistic fuzzy set theory
by Attanosov and axiomatic design (AD) principles by Suh. It was then applied to evaluate
four options of Ballast Water Management Systems namely; ballast water exchange (BWE),
shipboard treatment of ballast water, post-loading onshore treatment of ballast water and preloading onshore treatment of ballast water (PreOBWTS) with respect to safety,
environmental acceptability, practicability, biological effectiveness and cost-effectiveness
(Figure 33) otherwise referred to in this study as SEPBiC criteria.

Figure 33: Ballast Water Management Method Multi-Criteria Decision-Making Hierarchy

The outcome of the evaluation process showed post-loading onshore treatment system and
shipboard treatments of ballast water to be the most appropriate BWM Systems in that order
with respect to the IMO criteria from the perspective of experts predominantly from the IMO
(Table 21). The probability of success of each alternative is determined by their information
content (IC) and the value of the Score Function. The bigger the IC, the less likely the system
or alternative will succeed. The IC was used to calculate the Score Function. The bigger the
Score Function, the more the probability of success of the alternative (Table 21).
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Table 21: Value of the Score Function of BWM Concepts from the Perspectives of IMO
Experts

Alternatives

Score Function

Ranking

A1 BWE

-0.883

4

A2 Shipboard

-0.113

2

A3 Pre-OBWTS

-0.278

3

A4 Post-loading

-0.024

1

Figure 34 is an axiomatic design intuitionistic fuzzy graph (ADIFG) showing the
performance of the alternatives with respect to environmental acceptability from the
perspectives of experts predominantly from the IMO. The detailed outcome is presented in
appended paper 3.

Figure 34: Membership and non-membership functions of alternatives A1, A2 & A4 with
respect to the Environmental Acceptability of Methods from IMO experts’ perspective

From the perspectives of port administrators and ship operators/owners (Table 24), postloading Onshore BWM System was also found to possess the highest probability for success,
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followed by Shipboard BWM System. PreOBWTS (Pre-loading Onshore Ballast Water
Treatment System) has the third highest probability of success. BWE was not factored in the
calculation of the Score Function because it was not viable from the results of the results of
their Information Contents (IC) ( Table 22 and Table 23).
Table 22: Membership Information Content of the BWMM Alternatives from Port
Administrators and Ship-operators/owners Perspectives

A1

Alternatives

C1

C2

C3

C4

C5

Viability

BWE

1.889

Infinitive

1.907

Infinitive 4.528

Not
vaible

A2

Shipboard BWTS

0

1.070

1.907

3.943

2.032

Viable

A3

PreOBWTS

0

1.070

1.641

1.070

1.907

Viable

A4

Post-loading

0

1.070

0

1.070

1.907

Viable

Onshore BWTS
Table 23: Non-membership Information Content of the BWMM Alternatives from Port
Administrators and Ship-operators/owners Perspectives

A1

Alternatives

C1

C2

C3

C4

C5

Viability

BWE

2.404

Infinitive

1.641

Infinitive 5.907

Not
vaible

A2

Shipboard BWTS

0

2.821

1.641

5.907

2.369

Viable

A3

PreOBWTS

0

2.821

2.369

2.821

1.641

Viable

A4

Post-loading

0

2.821

0

2.821

1.641

Viable

Onshore BWTS
Table 24: Value of the Score Function of BWM Concepts from Port Administrators and Shipoperators/owners Perspectives

Alternatives

Score Function

Ranking

A2

Shipboard BWTS

-3.786

2

A3

PreOBWTS

-3.964

3

A4

Post-loading Onshore BWTS

0.266

1
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Figure 35 is an axiomatic design intuitionistic fuzzy graph (ADIFG) showing the
performance of the alternatives with respect to biological effectiveness from the perspectives
of the port administrators and ship operators/owners.

Figure 35: Membership and non-membership functions of alternatives A2, A3 & A4 with
respect to the Biological Effectiveness of Method from port administrators and ship
operators’ perspective

1.4 Performance Enhancement of a Regulation-Based Design of Ballast Water
Management System: A Modified AD-TRIZ Hybrid Approach (Paper 4)
The design of a BWM System that is compliant with the requirements of the BWM
Convention is presented in appended paper 4. A modified application of the multi-functional
capability of Axiomatic Design (AD) based on the SHELL model using the BWM
Convention as a guide was used in the design. The functional requirements (FRs) for the
design were determined rather from the BWM Convention in contrast to classical AD were
the FRs are determined by customers’ needs. In this case, it is based on requirements
expressed in the BWM Convention for a BWM System. That is why the design is referred to
as a regulation-based design.
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This study designed a conceptual model of BWM System using a modified principle of
independence axiom of axiomatic design using the BWM Convention as a guide. The
methodology is an integration of a modified Independence Axiom approach of Axiomatic
Design (AD) and Altshuller's principles of the Theory of Inventive Problem Solving (TRIZ).
The design represents the solutions to 16 functional requirements for a BWM System that is
fully compliant with the BWM Convention. The conceptual design, although capable of
satisfying the requirements of the Convention, still has room for improvement in terms of its
performance. Sufield model of the theory for inventive problem solving (TRIZ) was used to
prioritise the functional dependencies or inadequacies of the design and search for solutions.
While AD principle was used to construct the design matrix of a regulation-based system of
BWM and to analyse the functional dependencies of the DPs, Sufield model was used to
analyse the existing coupling relationships between the DPs by clarifying the effects and the
interactions between them. A design enhancement pathway was determined by ranking the
coupling strengths of the different DPs.
With respect to the allocation of resources, the most ranked DPs should attract the most
attention of various R and D departments as well as funding. This is because they have the
greatest influence on the performance of the conceptual design of the BWM System as shown
by their relative coupling strengths ranking. From the results in Table 25, environmental
acceptability has the highest relative coupling strengths, followed by biological effectiveness.
In conclusion, attention should be given more in order of priority by the designers of this
BWM System and the stakeholders to improving the environmental acceptability and the
biological effectiveness of the system in that order than any other aspect of the BWM System
design.
Table 25: Computed coupling strength of BWM System design elements

Safety
Positive
Couplings
DP11
DP12
DP13
DP14
Negative
Couplings

0.792
0.040
0.394
0.046

Environ.
Accept.
DP21
DP22
DP23

0.488
1.952
0.000

Practicability

DP31
DP32
DP33
DP34
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0.0013
0.0710
0.5240
0.5130

Biol.
effect.
DP411
DP412
DP421

0.632
0.812
0.130

DP11
DP12
DP13
DP14
Total
Couplings
Relative
Coupling
Strengths

0.000
0.000
0.000
0.000
0.886
0.168

DP21
DP22
DP23

0.000
0.000
0.000

DP31
DP32
DP33
DP34

2.012

0.0028
0.0000
0.0000
0.0000
0.737

0.382

0.140

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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DP411
DP412
DP421

0.000
0.000
0.000
1.634
0.310

!
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2.1!Paper 1: Pre-Loading Onshore Ballast Water Treatment System (PreOBWTS): A
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OBJECTIVES
The discharge of Harmful Aquatic Organisms and Pathogens (HAOP) found in ships ballast water from
one port environment to another can have severe ecological, environmental and economic
consequences, especially when they transform into marine pests. This informs the necessity to
investigate the viability of a novel treatment concept known as Pre-loading Onshore Ballast Water
Treatment System (PreOBWTS) which has the potential to curtail the transfer of these organisms from
a source harbour.
CONCEPTUAL FRAMEWORK
Description of Pre-Loading Onshore Ballast Water Treatment System (Preobwts)
PreOBWTS is a preventative and Last Port of Call (LPOC) solution and it allows for the treatment of
the harbour water of the port before it is uploaded as ballast water into a ship (Figure 1). The
proposed system is preferred by this study because the conditions of the host port (referred to in this
study as last port of call or LPOC) is relatively stable and the biological, chemical and physical
characteristics of the port are well known to the port authority. The system, therefore, is aimed at
removing planktons that are characteristically native or resident in that port aquatic environment
before the water is loaded as ballast into the ballast water tank of the ship.

(Click on the image to enlarge it)
Figure 1: Ballast Water Treatment Options- the onshore treatment options (pre-loading {1} and post-loading {3})
both having more treatment steps or hazard barriers than the shipboard treatment {2} model.

METHODS
The study covered sampling of Port Harcourt Harbour water in Nigeria. The field samples were
subjected to laboratory analysis. Inferential statistics was employed to determine the relationships
between the physicochemical properties of sampling stations (Table 1) and organisms’ density (see
Figures 2 &3). Literature on ballast water treatment research were reviewed, and the most viable
treatment options for Port Harcourt Harbour (Nigeria) based on the field results obtained were
discovered to be treatment combinations that could remove most of the species found in the study
area, especially; Alexandrium minutum, Acartia clausi, Pseudocalanus elongatus, Tortanus sp., and
Oncaea sp., which are non-indigenous to North America; one of the Harbour’s leading trading regions
in the world.
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RESULTS
Table 1: Physicochemical Properties of Study Area
S/N

1
2
3
4

STATION
CODE

PH

NP1
NP2
OK1
OK2

7.51
7.73
7.63
7.64

PARAMETERS (mean)
TURB
TEMPT
SALINITY(0/00
o
(NTU)
( C)
)
3.0
29.1
21.2
3.0
29.2
21.3
1.0
29.1
21.9
1.0
29.0
22.1

COND
1
(µscm )
33600
33700
34600
34900

DO
(mg/l)
6.7
6.6
7.7
7.7

TDS
(mg/l)
23520
23590
24220
24430

Mean and Standard Deviation
0.01
0.009
0.008
0.008
0.007
0.006
0.006

4

0.005
0.004
0.004
0.003
0.003
0.002
0.001
0.001
0

A

B

C

D

Column

21.217 21.258 21.299

21.34

21.381 21.422 21.463 21.504 21.545 21.586 21.627 21.668 21.709

21.75

21.791 21.832 21.873 21.914 21.955 21.996 22.036 22.077

(Click on the image to enlarge it)

Figure 2: Summary of Mean and SD of plankton
Density in General Cargo Terminal (NP 1 & NP 2) and
Oil Terminal (OK 1 & OK 2) of Port Harcourt Harbour.

Figure 3: Total Plankton Density log (mg/l) as a
function of Salinity.

(Click on the image to enlarge it)
Figure 4: Relationship between proposed treatment sequence for the Study Area and Propagule Pressure
/Probability of HAOP Invasion.

DISCUSSION
Physicochemical Properties of Harbour Water and Plankton Survivability
A very significant difference exists between the plankton densities of the stations sampled (ANOVA,
Fcalc=6.650; df= 3, 52; p=0.0007 see Figure 2). A strong positive correlation exists between plankton
density and salinity (Regression analysis, r2= 0.9034, df=3, p= 0.0495; see Figure 3). This shows that
altering some physicochemical conditions of the water will significantly affect HAOP survivability
(Figure 3). Therefore, by deploying a three stage treatment process proposed in this study (Figure 4),
the probability of transfer of HAOP from the host port will be sufficiently minimized so as to meet the
minimum requirements of the BWM Convention, 2004.
Potential Financial Deliverables of PreOBWTS to Ports Authority
The 6 leading seaports in Nigeria from ship traffic records of year 2010 for example, handled
approximately 5,000 ocean-going vessels. By transposing a conceptual design and estimates for
onshore Ballast Water treatment developed by Australian Quarantine and Inspection Services (AQIS,
1993) and California Association of Ports Authority (CAPA, 2000), onshore treatment systems with
approximated storage capacity of greater than 120,000 MT shall be required per port to serve the
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about 5,000 ocean going vessels that visit these ports annually. Pumping rate for each treatment
system should not be less than 4,000 MT/h.
Studies by AQIS (1993) have shown that the average annual capital cost of shipboard treatment of
ballast water per ship with discharge capacity of 500,000MT per year is about $2,040,844. Whereas
annual capital cost of onshore treatment per ship with similar annual discharge capacity is four times
less at about $556,594.
The PreOBTWS has taken care of some of the downsides of the existing onshore treatment system (i.e.
Post-loading treatment system) in areas such as, ship lightering- where ships discharge ballast water
to lower draft in order to enter a shallow channel or cross over a shallow bar. The system assures safe
discharge of ballast water at any location as the ballast water has already been treated before it was
loaded prior to voyage, which is not the case with post loading (Kuroshi, 2012). Also, issues regarding
ship delays at ports in order to offload ballast water into treatment systems does not arise in the case
of the PreOBWTS. It is safe to discharge the ballast water into surrounding water because it has
already been treated (see Figure 5). Space limitation in the port for the project need not be a serious
concern as the system can be remotely sited and by means of piping system can serve the visiting
ships in the harbour.
The Port Authorities through private or joint venture initiative could provide ballast water treatment
services to the visiting ocean going ships, by charging a set environmental levy. If the Port Authority in
Nigeria for example, could charge an environmental levy of about $40 per 1000MT of treated ballast
water supplied to visiting ocean-going ships as against the approximately $82 per 1000MT in cost for
shipboard treatment using figures adjusted to June 2010 US dollars (see AQIS, 1993): because it will
require an onshore treatment system one ninth (1/9th) of that cost to treat 1,000MT (i.e. $9 per
1,000MT). The Port Authority will be making about $30 dollars (about 300%) in profit per 1000MT
and saving the visiting ships (i.e. shipping companies) about $40 (about 50%) in cost of shipboard
treatment per 1000MT, aside the other advantages of the visiting ship having a reduced port
turnaround time due to less port state control BWM convention compliance functions. This is
certainly a win-win proposition for both the Port Authority and the visiting ship.
TABLE 2: Summary Of Treatment Cost Estimates And Profit Using 2010 Ship Traffic Record From Six Major Sea
Ports In Nigeria.
PORT

Apapa
Tin Can Island
Rivers Port
Onne
Delta
Calabar
GRAND
TOTAL

OCEAN
GOING SHIP
TRAFFIC
IN
2010
1,563
1,607
471
785
337
199
4,962

APPROX.
TOTAL
BALLAST WATER TO
BE TREATED PER
ANNUM (MT)
781,500,000
803,500,000
235,500,000
392,500,000
168,500,000
99,500,000
2,038,200,000

COST
TREATMENT
ANUM ($)
7,033,500
7,231,500
2,119,500
3,532,500
1,516,500
895,500
22,329,000

FOR
PER

REVENUE
GENERATION FROM
TREATMENT ($)

PROFIT ($)

31,260,000
32,140,000
9,420,000
15,700,000
6,740,000
3,980,000
95,658,000

23,445,000
24,105,000
7,065,000
11,775,000
5,055,000
2,985,000
71,743,500

The Port Authority could make approximately about $ 71,743,500 in profit from all the six major sea
ports in Nigeria, if the environmental levy charged is $40 per 1000MT of treated ballast water (see
Table 1).
Port Authority’s Responsibility for PreOBWTS
The port authority from Figure 5 decides the type of treatment system A to be installed in the port
that is based on the specific baseline information on the port. This unique baseline information
should guide the port authority in deciding whether to go for a single treatment system C or a
combination of systems B and what kind of combination is appropriate for the harbour.
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(Click on the image to enlarge it)
Figure 5: Port Authority’s (Port of call) Onshore Ballast Water Management Decision Flowchart Model.

(Click on the image to enlarge it)
Figure 6: Ship’s Onshore Preloading Ballast Water Management Decision Flowchart Model.

CONCLUSION
A three stage shore treatment combination process was therefore, proposed by the study for
employment in Port Harcourt Harbour with respect to the harbours unique biological and
physicochemical characteristics. The first stage should involve filtration of the harbour’s sea water to
remove the larger organisms, mainly zooplankton. It should be followed by a stage of heating of the
harbour’s water (>38oC) to remove larger zooplanktons that have escaped the filtration process
(Figure 4). The third stage should involve the use of biocides which has a strong lethal effect on a lot
of phytoplankton and bacteria. And finally, the treated sea water is pumped into the visiting ship as
treated ballast water.
Keywords: Ballast Water Management, Harmful Aquatic Organisms and Pathogens (HAOP),
Planktons, Pre-loading Onshore Ballast Water Treatment System (PreOBWTS), Shipboard Ballast
Water Treatment .
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Abstract
The arrival of exotic marine species in a new area increases with proximity to seaports, thereby
raising seaports bio-security concerns. The objective of this study is to show theoretically, how the
paradigms of ‘spatial sorting’, ‘Swiss cheese model’ and ‘ tens rule’ could be used to determine the
invasion potentials of planktonic species introduced into a harbour via Ships’ ballast water. Based
on the ballast water samples collected, the probability (at a priori α-level of 0.05) of species found
in sampled ships becoming invasive is not significant at p=0.043. The resultant propagule pressure
could be sufficient to satisfy the requirements of regulation D-2 of the Ballast Water Management
Convention (BWMC) of International Maritime Organization (IMO).
Keywords: ballast water management; Harmful Aquatic Organisms and Pathogens (HAOP); Swiss
cheese model; Spatial Sorting; Tens rule
1.

INTRODUCTION

Shipping is the heart of International trade as most of the world’s trade depends on shipping.
Shipping moves over 90% of the world’s commodities. In the bid to move these cargos, ships tend
to transfer approximately 10 billion tons of water known as ballast water internationally each year
and an estimated 7,000 marine and coastal species are stowed away daily in the process [1] to new
climes. The cargo and the ballast water singularly or in combination provide a safe immersion level
for propulsion and maneuverability for the ship. Ballast water is therefore, the water used by ships
to achieve a correct immersion level and to maintain balance after cargo is discharged.
Studies by Gollasch and Leppakoski [2] for example showed that the survival rates of organisms
within the ballast water tank decreases with time. With the advent of faster and bigger ships, the
probability of this transfer has increased tremendously because of the reduction in voyage duration
and the increase in the quantity of the organisms within a much bigger ballast water tank. A typical
ballast water tank in a ship could take an amount of water that can be between 30-50% of the
overall weight of the ship. That’s an enormous quantity of water representing between 13 to 32
thousand metric tons of water, depending on the size of the ship [3].
1.1 Bio-security risks of ballast water
The arrival of marine exotic species in a new area increases with proximity to seaports. This is as a
consequence of the ballasting and deballasting activities of ships on international voyage at the
seaports (Figure 1). Invasions in seaports therefore, are unintended and unavoidable externalities of
shipping trade. These therefore have defined the seaports as high-risk nodes [1] or invasion fronts
[4]. A study was able to show that the annual-displacement of pioneer invaders is twice as far compared with post-colonization conspecifics [4]. This makes protecting national borders against
possible biological invasions a very difficult undertaking.
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Marine exotic species or Harmful Aquatic Organisms and Pathogens (HAOP) can completely
alter aquatic systems by displacing native species, degrading water quality, altering trophic
dynamics, and restricting beneficial uses [5]. The potential of species transfer is compounded by the
fact that all marine species have planktonic stages in their life cycle, which may be small enough to
pass through a ship’s ballast water intake ports and pumps. These include bacteria and other
microbes, small invertebrates and the eggs, cysts and larvae of various species.

Figure 1. Uptake and discharge of marine species via ship’s ballast water in seaports [3].
Even species in which the adults are unlikely to be taken on in ballast water, because they are
too large or live attached to the seabed, may be transferred in ballast during their planktonic phase
[6].
1.2 Invasion pathway
In the context of this study, the invasion pathway between donor and recipient ports is lined
with a battery of environmental hurdles for HAOPs to surmount in the form of predators,
temperature, salinity, water flow variance etc. This is however circumvented when the organisms
utilize the most commonly available anthropogenic transfer mechanism (i.e. transport vector)
provided by international shipping in the ports. Once they are able to survive the prevailing harsh
conditions within the ship’s ballast tank, they are successfully hitchhiked to a new environment.
Studies have shown that over 90% of organisms in the ballast water tank do not survive a voyage
[7; 8; 9; 10]. As soon as they are discharged into the new environment, their fate will now depend
on the availability of suitable abiotic conditions (such as temperature and salinity) and friendly
biotic conditions (such as presence of prey, absence of predators, competition, disease and
parasites). These new arrivals are also expected to be in sufficient numbers (otherwise refer to as
propagule pressure) to survive, spread, be established and ultimately become invasive within the
new habitat.
1.3 Problem statement
As a consequence of the essential economic activities of shipping, the likely ecological and
economic impact that may result from the discharge of planktons found in ships ballast water
transported from one port environment to another, especially when they transform into marine
pests, informs the necessity by this study to show how the underlying principles of some theoretical
concepts can be applied in determining the bio-security of coastal seaports.
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Measures to manage the bio-security risks of ballast water can be either onshore or shipboard.
Onshore measures entail either managing the risk before voyage or after voyage. While shipboard
measures entail either exchanging species rich coastal ballast water with species deficient midocean water via a ship-safety procedure known as ballast water exchange (BWE) or treating the
ballast water via treatment systems installed onboard the ship. The International Maritime
Organization (IMO) through the ballast water management convention (BWMC), 2004 [11], has
stipulated some prescriptive measures to mitigate these risks associated with ship-borne transfer of
HAOPS in ballast water. These measures are in the form of numerical discharge standards for
organisms known as performance standards (regulations D-1 and D-2).
2.

SOME UNDERLYING THEORIES

An understanding of some underlying dynamics of invasion is critical to invasion management and
control. The most documented data on invasion for example is the cane toad’s colonization of
Australia. A better understanding of the invasion dynamics can be achieved according to Urban et
al. [12] by considering the multi-spatial dimension of invasion as well as the effect of
environmental heterogeneity and the dynamics of evolution. The effect of introduced species
population density and natural occurring and anthropogenic barriers placed on their pathways to
invasion are also critical.
2.1 Spatial sorting
Charles Darwin in his 1859 work proposed the natural selection mechanism where organisms
are differentially successful over time. In modern seaports however, there is a different
predominating reproductive success concept. That is the concept of spatial sorting, where organisms
are differentially successful through space rather than through time. This concept describes the
assortative manner by which population mate at spreading vanguards or invasion fronts [13] like the
seaports. At the invasion front (e.g seaport), heritable variation could lead to some phenotypic
attributive evolution. This ultimately will result in the phenomenon of spatial filtering [4] where
fast-dispersing individuals will mate with only their kind (fast-dispersing counterparts) producing
even much more dispersive offspring with more sophisticated dispersal-enhancing mechanisms than
their forebears [4]. This explains why seaports are critical invasion fronts.
2.2 Swiss cheese model
The Swiss cheese model (SCM) proposed by Reason [14] used Swiss cheese as a metaphor for
barriers that could be used to prevent accidents from occurring (Figure 2). It likens human-induced
safety systems to multiple slices of Swiss cheese, stacked side by side. It is an accident risk
reduction strategy.

Figure 2. Metaphorical Swiss-cheese model of human-induced barrier for ballast water
management (modified from Reason et al. [14]; [15]).
Reason [14] postulates that each barrier has some likely weaknesses or holes. These
weaknesses or holes once they are aligned by chance could result in the occurrence of an accident
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or in the case of this study, an invasion [15]. The SCM is therefore used in risk analysis and risk
management in aviation, engineering and healthcare. It was originally propounded by Dante
Orlandella and James T. Reason of the University of Manchester, and has since gained widespread
acceptance. It is sometimes called the cumulative act effect.
Collins et al. [16] used the SCM to analyze the effectiveness of a World Health Organization
(WHO) surgical safety checklist designed to reduce the incidence of wrong-site surgery. Lubnau and
Okray [17] also applied the model to the engineering of firefighting systems, aiming to reduce human
errors by "inserting additional layers of cheese into the system", namely the techniques of Crew
Resource Management. The SCM and two other systemic accident analysis methods were used by
Underwood and Waterson [18] to carry out a comparative systemic analysis of the derailment of a
train at Grayrrig. The outcome of the study establishes further the viability of SCM as a viable model
of accident analysis. Li and Thimbleby [19] introduced a variant of the Reason’s SCM called ‘the hot
cheese model'. The hot cheese model is a more realistic model, as they represent defense layers as
active and passive. The model is more flexible and therefore allows for in depth discussion. Reason
[15] identified four failure domains, and these are: organizational influences, unsafe supervision,
preconditions and specific acts. These domains are the causes of the holes on our Swiss cheese.
In the case of ballast water management, some important examples of the Swiss cheese (or
human-induced barriers) that are installed come in the form of policies from the IMO like the
discharge standards (D-1 and D-2) of the ballast water management convention (BWMC), treatment
or management systems installed either onboard the ship or onshore, flag and port state control
monitoring systems (Figure 2).
2.3 Tens rule
The 'tens rule' is a biological statistical rule on biological invasion propounded by Williamson
and Fitter [20]. This rule explained that invasion occurs with a statistical regularity of one tenth for
each transitional stage, from introduction through establishment and ultimately invasion stages. For
the purpose of this work the ‘tens rule’ can be explained thus: that for species entrained in a ballast
water tank and imported into a new environment, only a tenth (1/10) will be introduced into a new
environment, and for the introduced species only a tenth of them will become established in the new
environment. For the species established only a tenth of them will become pestiferous or invasive. It
means therefore, that only 1/1000th of species survive the transition from entrainment into the ballast
water tank to invasion. Williams and Fitter (1996) were able to explore the characteristics of exotic
species using ecological flora data and discovered species abundance as a key variable.
Using mammals and birds, Jeschke [21] found that strong conclusions cannot be made about
the 'tens rule' as well as invasibility of islands and continents because of the incomplete records of
species introduction available. The arrival of exotic species in a new area increases with proximity
to ports [22]. One could therefore say that biological invasion is but the intended or unintended
consequence of economic activity [23]. These generalizations have been shown to be useful for
predicting the fate of introduced birds, terrestrial plants and insects [7] and shall be used in this
study to show how it can be used to determine the bio-security risk of a ship visiting a port.
The AQIS ballast-water risk assessment [24] defines ballast water risk as
Riskspecies = p(ω). p(ϕ). p(ψ). p(ʋ)

(1)

where p(ω) = probability of donor port contamination
p(ϕ) = probability that vessel is infected with organisms
p(ψ) = probability that species survives vessel’s journey
p(ʋ) = probability that the species will survive and become invasive in the new environment
2.4 The precautionary principle
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Principle 15 of the Rio declaration codified at an international level the precautionary principle, which
stipulates that actions to prevent serious or irreversible harm to the environment should be encouraged
especially where there is either a lack of or insufficient scientific information on the potential to harm
of our inaction. The precautionary principle states that the burden of proof for the potentially harmful
action by a proponent rests on the assurance of safety from the proponent and that when there are
threats of serious damage, scientific uncertainty must be resolved in favour of prevention [25].
Jaric and Cvijanovic [26] proposed a Precautionary Principle (PP) approach in managing
species introduction, because according to them the 'tens rule' might be more of an indicator of our
lack of understanding of the impacts that established introduced species produced than the actual
ratio of such species that produces the undesirable impacts. The outcome of the analysis by Taleb et
al. [27] however, concludes that PP is important only for limited set of contexts and can be used to
justify only a limited set of actions.
However, as an extension and for the purpose of this study, PP presupposes that all organisms
are potential invaders once they are translocated to a new clime that satisfies the preconditions for
invasion in section 1.2. This is because any species removed from its native range and introduced to
a new area has the potential to become an invasive species [28].
3.

MATERIALS AND METHODS

Three sampling stations were set up at each of Port Harcourt Harbour (PHH) and Okrika Oil
Terminal (OKOT), making a total of six (6) sampling stations. The choice of the stations was based
on the fact that they are the major import and export terminals along Bonny Estuary in Nigeria.
Ballast water samples were collected from four ships; two each berthing at PHH and OKOT.
Surface water samples were collected from each of the stations. Sampling of the ballast water was
done using standard IMO G-2 Guidelines for Ballast Water Sampling Protocols; Outflow and
Manhole Sampling Methods. Surface water samples were collected at PHH and OKOT stations by
collecting surface waters at subsurface levels of 25-30cm depth. All collected water samples were
filtered through 63µm mesh plankton net for phytoplankton and 100µm plankton net for
zooplankton according to the methods of Smithsonian Environmental Research Centre. The
plankton species were identified using the appropriate keys/texts [29; 30], standard bench
references and a CD-ROM from UNESCO (2000). All the water samples were also analyzed for
some physico-chemical parameters (Table 3) using the methods recommended by APHA [31].
One-way ANOVA was used to test for differences in plankton densities and ballast water
physicochemical properties between stations. Where ANOVA models were found to be significant,
unplanned multiple comparisons (using Tukey and unpaired t-test) were used to differentiate group
differences. Correlation analyses were also carried out to determine the relationship between the
physico-chemical parameters and plankton abundance (example in Figure 3).

Figure 3. Total phytoplankton density log (mg/l) as a function of sulphate.
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4. RESULTS AND DISCUSSION
4.1 Results
4.1.1 Plankton numerical count
The results of biological sampling (Tables 1and 2) indicated a total of 30 species made up of 4
major taxonomic groups, namely bacillarophyceae, cyanophyceae (both phytoplankton), copepoda
and rotifer (both zooplankton).

PHH
OKOT
Vessel A
Vessel B
Vessel C
Vessel D
Total

PHH
OKOT
Vessel A
Vessel B
Vessel C
Vessel D

Table 1. Taxa numerical count
Bacillarophycae
Cynophycae
Copepoda
39
15
2
21
6
7
4
0
0
7
6
0
2
1
0
2
0
0
75
28
9
Table 2. Plankton numerical count
Phytoplanktons
54
27
4
13
3
2

Rotaria
0
0
0
0
1
0
1
Zooplanktons
2
7
0
0
1
0

A total of 113 individuals of the various species were recorded (Tables 1 and 2). The results did not
show any significant difference in the relative abundance between surface waters of PHH and
OKOT using t-test (tcal = 1.084, df =10, p≥0.05). Repeated measures ANOVA shows significant
difference between the different species sampled (i.e bacillarophycae, cynophycae, copepoda,
rotatoria). The variation is significantly greater than expected by chance (Figure 4: Repeated
ANOVA, Fcalc=3.856; df=3, 5, p=0.0315).

Figure 4. Summary of mean and SD total plankton relative abundance observed in PHH and
OKOT.
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Also, no significant difference in the relative abundance of total plankton between ballast waters
of all sampled vessels was observed (Figure 5: ANOVA, tcal = 2.268, df=3.3, p≥0.05). Comparison
between zooplankton and phytoplankton abundance using the impaired t-test showed a slight
significant difference between the two means (tcal = 1.847, df = 10, p≥0.05). The results also showed a
strong positive correlation between DO levels and zooplankton abundance (r = 0.8317, p≥0.01). There
is also a strong positive correlation between BOD and zooplankton abundance (r = 0.8532, p≥0.01).
For phytoplankton, of all the physico-chemical parameters, only BOD showed positive correlation,
although weak (r = 0.0723). For zooplankton abundance only BOD, sulphate, and nitrate showed
significant linearity as well as correlation, whereas for phytoplankton abundance, sulphate and all the
other parameters measured showed correlation and linearity (Figure 3).

Figure 5. Summary of mean and SD total plankton relative abundance observed in ballast water of
vessels as well as Terminals (PHH and OKOT).
4.1.2 Physicochemical Parameters
The results of the physico-chemical parameters (Table 3) did not show any significant difference
between PHH and OKOT surface water (tcal = 1.689, df = 3 p≥ 0.05).

Salinity
(psu)

Tempt
(oC)

DO (mg/l)

BOD
(mg/l)

SO4-2

PO4-3

NO3-

PHH
OKOT
Vessel A
Vessel B
Vessel C
Vessel D

Turbidity
(NTU)

1
2
3
4
5
6

Elect.
Cond
(ms/cm)

S/N

pH

Table 3. Physico-chemistry of sampled stations

6.91
7.54
7.27
6.76
8.01
6.63

26700
31200
32100
28200
50200
49600

14
15
56
18
12
12

16.5
19.6
20.1
17.5
33.0
32.6

28.9
30.6
31.3
29.6
29.7
29.5

4.1
9.7
4.9
2.4
6.5
4.1

3.2
5.7
3.2
0.8
1.6
2.4

668.0
858.1
901.3
766.8
1231.0
1296.9

<0.05
<0.05
<0.05
<0.05
<0.05
<0.05

0.07
0.07
<0.05
<0.05
<0.05
0.07

4.2 Discussion
The goal of ballast water management is to reduce the risk of organisms’ introduction by removing
or inactivating those organisms resident within the ballast water tanks of ships.
The probability of invasion can be determined using the established methodology of simple
probability law and the 'tens rule'. The risk variables that can be easily measured from the data in
this study are p(ψ) and p(ʋ). Probability of donor port contamination p(ω) and entrainment into the
ballast water tank p(ϕ)) of HAOP is assumed to be one (1) each following the precautionary
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principle. The entire chain from uptake of HAOP into ballast water tank p(ω) and p(ϕ)) to voyage
survival rate p(ψ) and ultimately invasion p(ʋ) is a numbers game known as ‘propagule pressure’.
The propagule pressure is directly proportional to the probability of invasion (Equation 1).
From a total of 30 species identified in this study, Nitszchia lineans and Triceratuim sp.(both
phytoplankton) and Playtias sp (a zooplankton) are the only species not found in either of the
samples from PHH and OKOT (Tables 1, 2 & 3). Applying the ‘tens rule’ the probability of these
species being invasive will be p = 0.003. This means that these three species could be introduced
into PHH. The implication of this will be that though the probability of the invasiveness of these
species is quite low, they still pose some level of security risk to the environment as long as the
invasion preconditions in section 1.2 are satisfied. This is especially so for vessels A and B whose
salinity and electrical conductivity levels matches that of PHH and OKOT the most (Table 3). The
treatments that are most appropriate for a class of organisms with size >50 μm should be assumed
applicable for all the zooplanktons and on the other hand treatments methods that are appropriate
for organisms in the 10 – 50 μm size class should be applicable to phytoplankton [32].
For the zooplankton population sampled on the other hand, only 1 organism has the likelihood
of being introducible. It therefore follows that for the vessels sampled, the probability of
introducing a non-existing species is 1 and the probability of that species becoming invasive
following the tens rule is p=0.001. This means that the ships sampled did not pose any bio security
risk to PHH, or Bonny Estuary at the period of the study.
By assuming the ‘precautionary principle’ where all organisms are assumed to have invasive
potentials unless proven otherwise, the organisms identified from the host environment (i.e PHH
and OKOT) are all potential invasive organisms and also have a probability of being entrained into
the ballast water tank of a ship and are ultimately introduced into the next port of call [28]. By
applying the ‘tens rule’ however, 9% (p=0.09 at a priori α-level of 0.05) of the organisms will stand
the chance of going through the process of introduction, establishment and ultimately becoming
invasive or pestiferous. The probability of species found in sampled visiting ships (Vessels A, B, C
and D) becoming invasive on the other hand is much more insignificant at p=0.043. By introducing
a pre-voyage onshore treatment system for ballast water (i.e. pre-voyage treatment of harbor water
for ships), these probabilities are further reduced to insignificance. In accordance with the ‘tens
rule’ the propagule pressure of organisms within the ballast water tank of the ship on arrival at the
next port of call (NPOC), might not be sufficient to establish an invasive or pestiferous community
in the new environment as long as the ballast water is treated. This is because the propagule
pressure reduces with every protective layer of treatment added to the treatment system including
the ship’s own ballast water tank which serves also as an additional protective layer or barrier
against introduction in the next port of call (NPOC).
5.

CONCLUSION

The seaport as an invasion front is home to genetically dispersive organisms. In this paper, with the
aid of field data collected from four ships (Vessels A, B, C and D) and two seaports (PHH and
OKOT), four established theories were used to determine the bio-security levels of the four visiting
ships to the two seaports. Based on the precautionary principle for example, it is assumed that all
organisms are potentially invasive once removed from their host environment to a new one. This
new environment must satisfy a certain set of environmental conditions for the inoculated
organisms to become established and ultimately invasive. Another theory, the theory of spatial
sorting, states that these organisms found in seaports have or are genetically developing higher
propensity for dispersive or hitchhiking behavior than their ancestors. Once the ballast water
containing the organisms is subjected to treatment, the metaphoric Swiss cheese or a humaninduced barrier is introduced. The Swiss cheese in this case is ballast water management. This
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management process is comprised of a series of barriers in the form of policies (like D-1 and D-2
standards of BWMC), activities and technologies to achieve safe discharge of ballast water and
sediments from ships on international voyage. Finally, the impact of these introduced barriers on
bio-security follows a statistical regularity of the ‘tens rule’. The entire process chain with respect to
these theoretical concepts showed how the capacity to introduce organisms with invasive capacity
into a new environment is systematically impaired when, treated ballast water is discharged by
ships into an environment. A further application of the statistical characterisation of the ‘tens rule’
logic showed that the resultant propagule pressure posed only a significantly low risk of species
introduction to PHH, OKOT or the Bonny Estuary. This outcome could be sufficient to satisfy the
numeric requirements of regulation D-2 of the Ballast Water Management Convention of IMO.
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Abstract
A recent survey showed the reluctance of ship-owners to install ballast water treatment systems onboard their ships.
This raised a question on the acceptability of shipboard management of ballast water and the need to investigate the
potential of non-shipboard alternatives to managing the menace of invasive species transfer via ships’ ballast water. The
aim of this article is to investigate the viability of both shipboard and onshore-based concepts of ballast water management with respect to the evaluation criteria stipulated in the Ballast Water Management Convention of the International
Maritime Organization. To achieve that, an appropriate decision-making technique was selected using a robust procedure; this is critical in the evaluation and ultimate selection of an appropriate ballast water management method. A
multi-criteria decision-making technique known as intuitionistic fuzzy multi-attribute axiomatic design which is a hybridized extension of fuzzy axiomatic design was employed for the selection process. The eventual selected technique was
used to evaluate the ballast water management options based on the linguistic data collected from an interview with ballast water management experts. The novel applications of intuitionistic fuzzy multi-attribute axiomatic design in this article for technique selection and subsequently for ballast water management methods’ evaluation exemplify not only the
versatility of the technique as a decision-making tool but also showed a strong paradigm shift in experts’ opinions about
the future of ballast water management beyond just the traditional shipboard system.
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Introduction
The discharge of harmful aquatic organisms and pathogens (HAOP) found in ships ballast water from one
port environment to another can have severe ecological
and economic consequences, especially when they transform into marine pests. The International Maritime
Organization (IMO) has identified this discharge as one
of the ‘‘four greatest threats to the world’s oceans.’’1–3
HAOP are always very difficult and cost prohibitive to
control and almost impossible to eliminate once they
are established in a new environment. Every species
removed from its native range and introduced to a new
area has the potential to become invasive.4 The potential of species transfer is compounded by the fact that
all marine species have planktonic stages in their
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life-cycle (Figure 1), which may be small enough to pass
through a ship’s ballast water intake ports and pumps
(sea chests).5
Ballast water exchange (BWE), shipboard treatment,
post-loading onshore treatment and pre-loading onshore
ballast water treatment system (pre-OBWTS) are examples of the four broad concepts of ballast water management (BWM) that are evaluated in this article using
the multi-criteria decision-making (MCDM) technique
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Figure 1. Entrainment of planktonic stages of organisms into a ship’s ballast water tank (!GloBallast).1

selected. The evaluation of the concepts using the
selected technique is presented in the ‘‘Illustrative examples’’ section.
BWE and shipboard treatment are the most wellknown BWM concepts. The exchange efficiency of
BWE was noted by Wesley et al.6 and Ruiz and Reid7
in terms of not satisfying IMO’s requirement. All new
ships (i.e. ships constructed from 2009) are therefore
mandated (as stipulated in the Ballast Water
Management Convention of the IMO) to have a ballast
water treatment system (BWTS) onboard and all the
existing ships (i.e. ships constructed before 2009)
should have BWTS retrofitted onboard by 2016.
However, the shipboard treatment system also might
have some possible comparative downsides. Oemke,8
Donner9 and Kuroshi10 have identified economies of
scale, proficiency of operators, spatial advantage,
redundancy, affordability and safety of the crew as
some of the advantages onshore treatment systems
might have over the shipboard systems. Regulation
B-3.7 of the BWMC accepts the use of ‘‘alternatives’’
for the treatment of ballast water as long as ‘‘such
methods ensure at least the same level of protection to
the environment, human health, .,’’ as required by
regulation D-2.
Despite the number of ballast water treatment methods or systems around the world, there is still a massive
dearth in research literature regarding the evaluation of
the performances of these systems or methods with
respect to the ballast water management method
(BWMM) evaluation criteria of the IMO2 (Reg. D-5.2
of the BWMC, 2004) which are as follows: safety, environmental acceptability, practicability, biological and
cost-effectiveness or SEPBiC criteria. A study by State
Water Resources Control Board (SWRCB)11 where
BWE, post-loading and onboard treatment methods
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were evaluated with respect to the IMO criteria is currently the only such study in the literature. The study,
however, was not subjected to any form of rigorous
decision-making analysis in view of the multiple criteria
nature of the evaluation process. It was more or less a
report on the three methods with respect to the criteria
rather than a robust evaluation to rate their performance and selection potentials over one another. The
criterion status of technology was used to replace practicability in the study.
However, Jing et al.12 used a novel hybrid fuzzy stochastic analytic hierarchy process (FSAHP) approach
to evaluate ballast water treatment technologies, but in
this case it is with respect to a different set of criteria:
efficacy on organisms, efficacy on organics, adaptability
to harsh environment, capital cost, operation and maintenance (O&M) cost, human risk, ecological risk and
waste production. But the treatment systems (alternatives) evaluated were all subsets of shipboard and
onshore BWMM and the evaluation criteria obviously
are not exactly similar to IMO’s 5 criteria (SEPBiC).
Acomi and Ghita13 in 2012 did a comparative analysis
of four treatment methods meant for shipboard
application—treatment by filtration and ultraviolet
irradiation, treatment with biocides, treatment by heating and treatment by deoxygenation. The purpose of
their study is to help ship-owners in choosing the right
equipment for their ship’s specifications.
A brief description of the alternatives in this study is
as follows: shipboard BWMM has to do with onboard
treatment of ballast water; BWE is exchange of speciesrich coastal water with species-deficient mid-ocean
water; post-loading onshore BWMM is the onshore
BWM after ship’s voyage and pre-loading onshore
BWMM (Pre-OBWTS) is the onshore BWM before
voyage.
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The IMO as well as marine environmental researchers are yet to arrive at a conclusive solution to the negative impact the introduction of HAOP via ship’s ballast
water has on the global marine ecosystem. Relatively,
very few BWTSs have been given IMO final approval
in line with both guidelines 814 and 9,15 and these systems are mostly for shipboard application. Onshore
BWMM referred to in this study as post-loading
onshore ballast water management method (where
untreated ballast water is discharged into a port reception facility at the end of the voyage for treatment) was
shown by some studies not to be satisfactory.8,10
Because each identified alternative or concepts of
BWM have their strengths and weaknesses especially
when evaluated with respect to the IMO criteria, the
selection of an appropriate technique or model for their
evaluation therefore becomes an imperative. This selection process is a complex one, especially in view of the
unique characteristics of the problem. There are quite a
number of decision-making techniques in the literature;
however, there are no better or worse techniques
according to Polatidis et al.16 and none can be said to
be suitable for ‘‘carte blanche’’ application,17 but only
‘‘fit better’’ in specific situations.18
A 2014 ballast water survey by Llyod’s list shows the
reluctance of ship-owners to comply with the requirements of the BWMC, willing rather to scrap tonnage
than install treatment system onboard their ships.19
Although onshore management of ballast water is a
viable option, no study has yet tested this viability visà-vis shipboard management systems with respect to
the IMO’s criteria. The absence of a suitable evaluation
technique could be responsible.
Selecting a suitable decision-making technique to
address the problem of evaluating and selecting the
most appropriate BWMM is itself an MCDM proposition. An important characteristic of MCDM is possession of discrete alternatives and independent criteria.
The alternatives are predetermined and evaluated with
respect to a set of criteria.20
The remainder of the article is organized as follows:
the next section reviews the literature on selection techniques, intuitionistic fuzzy set theory (IFST) and axiomatic design (AD). This is followed by a description of
intuitionistic fuzzy multi-attribute axiomatic design
(IFMAD) technique. Numerical examples are given in
section ‘‘Illustrative examples’’ to validate the technique
with one illustrative example each for technique selection and BWMMs’ evaluation. The article is concluded
in the final section with a brief discussion on the study’s
outcome.

Literature review
Technique selection
In decision-making, the ubiquity of the literature on
MCDM techniques is a known fact. However, the same
cannot be said about problem-specific technique
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selection. In this section, therefore, it will be appropriate to review the literature on problem-specific technique selection. This is because selecting the wrong
decision-making technique for problem characteristic
may generate decisions that are misleading.
Moghaddam et al.,21 for example, designed an MCDM
method to specifically address sustainability issues in
electricity planning problem. According to the authors,
characterization of methods or techniques is an important key in determining or designing the most appropriate method with respect to problem’s condition. They
mentioned comparable goals, methodology for problem
and required extent of analysis as the approaches to be
considered when comparing techniques that are fit for
purpose. Celik and Deha Er22 developed a fuzzy axiomatic design model selection interface (FAD-MSI) in
order to assign suitable MCDM techniques for ship
management processes. A ‘‘knowledge-based’’ generic
MCDM technique to guide decision-makers (DMs) in
selecting the most appropriate technique for a decision
problem was proposed by Li and Mavris.23 Tecle24
evaluated 15 feasible MCDM techniques for evaluating
watershed resource management problem with respect
to four sets of criteria. Al-Shemmeri et al.25 used three
selection models to assist in the selection of the most
appropriate MCDM technique for optimal ranking of
water development projects in an arid country.
Polatidis et al.16 developed a framework that shall help
in providing insights regarding the suitability of
MCDM techniques for renewable energy planning. A
decision support framework for the design of flexible
engineering systems was presented by Olewnik and
Lewis.26 Romans et al.17 reviewed the literature on
MCDM method selection and concluded that searching
for the best MCDM method is a flawed concept
because of the uniqueness of every problem with regard
to the available information. Different approaches in
developing method selection techniques were presented
by Mota et al.27 Ozernoy28 developed a framework for
choosing the most appropriate discrete MCDM method
in decision support system and expert system. Ölc
xer and
Ballini29 proposed a decision-making framework to
evaluate the trade-off solutions of sea-borne transportation. A discrete multi-criteria method whose matrix
may include crisp, stochastic or fuzzy evaluations of an
alternative with respect to a criterion was developed by
Munda et al.18

IFST
FST formulated by Zadeh30 is a mathematical theory
for modeling situations that are not amenable to traditional modeling languages which are dichotomous
in character and unambiguous in their description.18
Because of the inherent limitation of the human mind
for quantitative predictions, qualitative measures
have proven to be much more efficient. This is
because the use of qualitative measures mimics the
decision-making processes of the human mind.
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Intuitionistic FST which is an extension of FST is
considered in this article. IFS principles, for example,
were used by Ashu31 to locate a salesman of a company who was involved in a misdemeanor notwithstanding the huge database of salesmen in the
company. Ahmad et al.32 used the technique to
reduce the search domain and to select the culprit in a
hit and run accident situation. Ejegwa et al.33 used
the IFS principles in the selection of the most appropriate career based on a students’ score in an examination at a college. Das et al.34 were able to use IFS
in the diagnosis of heart diseases. Boran et al.35 proposed the model for a supplier selection problem
with Technique for Order of Preference by Similarity
to Ideal Solution (TOPSIS) method. Other general
applications of IFS to real-life situations include the
following areas: artificial intelligence, expert systems,
neural networks, decision-making, machine learning
and semantic representation.32

AD
Decision-making is at the heart of design36 and the two
parts of design are option identification and selection
of best option.37 Although FAD introduced by Kulak
and Kahraman38 was used in a number of studies, the
technique was proposed and applied in an intuitionistic
environment by Li.39 The extension can express realworld situations better than classical FST, because of
its capacity to mimic the decision-making process of
the human mind better by factoring hesitation margin
in decision-making.
Kulak et al.40 did a comprehensive literature review
of 63 articles on AD spanning 20 years in which the
articles were evaluated and classified. The authors
found out that most of the studies were applicationbased using the independence axiom. Crisp independence axiom approach was the most widely used while
fuzzy approach was used more with information axiom
for multi-attribute decision-making problems. This is
because crisp independence approach cannot be used
where the available information is qualitative and linguistic in nature. The applicability of AD spans a wide
range of fields of endeavor. Thompson et al.,41 for
example, employed AD as a scientific base for the
design of educational courses and curricula. AD principles were also used in product design,42–46 system
design,47 manufacturing system design,48 software
design,49,50 decision-making41 and others.51,52

Figure 2. A typical numerical approximation system for
intangible criteria.

suitable for DMs to use linguistic variables (such as in
Figure 2) in providing their preferences regarding the
alternatives with respect to the criteria. This infers the
employment of an MCDM technique under a fuzzy
environment as the appropriate technique.
According to Dworniczak,53 the average person cannot clearly distinguish more than 7 6 2 levels of severity
of parameter. This is also confirmed by studies which
showed that data from a typical number scale are less
accurate for those below 5 or above 7.54
The aim of this article is to use a combination of an
extension of FST—IFS—and the concept of AD to
select the most appropriate technique for BWMMs’
evaluation. The hybrid is a technique known as
IFMAD. It is an extension of FAD first proposed by
Kahraman and Cebi55 and used by Celik and Deha
Er22 in model selection. Although Li39 was the first to
use intuitionistic FAD to select the fittest knowledge
map design for an aviation design institute, the application of this technique (IFMAD) on model selection in
this article is a novelty; therefore, a model selection
numerical example shall be used to validate the technique’s suitability for problem characteristic.
The following steps are the procedure used for the
technique selection in this article:
1.

2.

3.
4.

Methodology

Determination of techniques’ selection criteria
from the literature. This step entails the determination of the selection criteria from the literature
review of technique selection articles.17,22,25
Determination of alternative techniques for evaluation. The alternatives, which are the top most
predominant fuzzy MCDM (FMCDM) techniques
in the literature,56 can be said to be already
predetermined.
Appropriate technique selection using IFMAD—a
numerical example.
Selected technique validation with a numerical
example of BWM evaluation problem.

Problem characteristics
Information about both the criteria for BWMMs’ evaluation and technique selection are mainly qualitative
because of the nature of the problems. The ambiguous,
vague and imprecise circumstances under which decisions can be made in both cases make it much more
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Determination of technique selection criteria
The selection of an appropriate model should definitely
be within an FMCDM technique solution space
(Figure 3). The goal ultimately is to determine the fuzzy
region of satisfactory alternatives for the characteristic
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Kulak et al.40 and Mardani et al.56 Kulak et al.40
reviewed 63 articles on AD published between 1990
and 2010 while Mardani et al.56 reviewed 403 articles
on FMCDM published between 1994 and 2015.
The following, therefore, are the most applied
MCDM techniques in order of predominance from the
reviewed literature:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Hybrid FMCDM;
Hybrid MCDM;
Fuzzy AHP;
Fuzzy TOPSIS;
AD;
TOPSIS;
Analytic Network Process (ANP);
Fuzzy ANP;
Preference Ranking Organization Method for
Enrichment Evaluation (PROMETHEE);
Ordered Weighted Averaging (OWA).

Because of the capacity of the MCDM method to
handle qualitative data that are imprecise and ambiguous, the appropriate technique of choice should be
expected to be within an FMCDM technique solution
space.
Figure 3. Procedure for IFMAD technique selection—
information axiom approach.

Principles of AD

problem. This ‘‘fuzzy region of satisfactory alternatives’’ can be obtained by defining a fuzzy interval of
feasible and acceptable values for each criterion.18
The following criteria from the literature,17,22,25 shall
be used as criteria for the selection of the appropriate
evaluation technique for BWMMs:
C1 Ease of use (familiarity with technique);
C2 Wide applicability in the literature;
C3 Technical compliance of the proposed model with
the problem nature;
C4 Closeness of previous methodologies for similar
cases in academic literature;
C5 Affordability (additional cost for software
requirements).
The most suitable evaluation technique should satisfy the above fuzzy criteria. The collaborative judgments of DMs with respect to the criteria are used by
the technique (IFMAD) to determine the most appropriate model or technique from the available list of
alternatives.

AD introduced by Suh42 is traditionally used to structure design problems under suitable design requirements decided by a designer.44,57,58 AD provides the
DM or designer with a theoretical foundation that is
based on logical and rational thought processes which
could help in minimizing the random search process
within the design space and also selects the best technique design from alternative design solutions.59 In
AD, therefore, designs are made and improved upon
based on the logic and rational processes of some two
axioms—the independence and information axioms.
According to Suh,42 a good design should be one that
satisfies these two axioms.
Independence axiom states that the design parameters must be chosen to independently satisfy the
functional requirements (FRs) within an established
design range.60 The independence of FRs must be maintained for the design to be acceptable.
The axiom is mathematically represented by the following design equations
½Functional requirements" = ½A"½Design parameters"
ð1Þ
½Design parameters" = ½B"½Process variables"

ð2Þ

where [A] and [B] are the design matrices that characterize the design goal or characteristics

Determination of alternative techniques for
evaluation
In the last 25 years, a total of about 466 international
journals on MCDM techniques were reviewed by
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Design matrix½A" =

½FR"
½DP"

6

Proc IMechE Part M: J Engineering for the Maritime Environment

The information axiom is used to select the best
design from a set of alternatives based on their information content. The design with the lowest information
content (I) is the best design. Information content (I),
therefore, can be said to be a measure of the probability of success in satisfying the design requirements. It is
defined by
! "
1
I = log2
ð3Þ
pi
where p is the probability of satisfying a requirement.
Information axiom minimizes the information
content
!
m
Y
Isystem = % log2
pl
i=1

=%

m
X

log2 pi =

i=1

m
X
i¼1

1
'log2
pi

ð4Þ

What the designer or DM wants defines the probability of success with respect to the design range and
system range. The area where an acceptable solution
exists is the area of intersection between the design
range and system range. The area is called the common
area and is shown in Figure 4.
Uniform probability distribution pi is given by
pi =

Common area
System design

ð5Þ

The information content is given by
Ii = log2

System design
Common area

Figure 4. Region of acceptable solution (common area).

ð6Þ

The common range (Cr) is the region where the FR
is satisfied. The area under the common range (Acr) is
the design’s probability of achieving the specified FRs
(Figure 5). The higher the probability pi of achieving
the FRs, the smaller the information content Ii.

IFST
A number of complex decision-making problems in
real-world situation always involve some form of hesitation because description of the problem by a linguistic variable on the basis of membership degree only
may not be sufficient. Although classical FST proposed
by Zadeh30 has been successfully used in many studies
to model vagueness and imprecision in decision-making, it has, however, not been successful in adequately
modeling this reality where hesitation degree is part of
the information. Atanassov,61,62 therefore, proposed
IFS—an extension of classical FST—as a better representation of reality than Zadeh’s FST. The membership
of an element to a fuzzy set in FST is a single value
with range between 0 and 1, thus making the nonmembership to the fuzzy set to be 1 minus the membership degree (Figure 6), whereas in IFS the degree of
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Figure 5. Standard triangular intuitionistic fuzzy number.

hesitation or hesitation margin is factored in the determination of membership or non-membership of an element to a set. Because of its capacity to express the
degree of belongingness and non-belongingness of an
element to a fuzzy set, Atanassov’s62 IFS according to
Szmidt and Kacprzyk63 is a better modeling technique
in handling the uncertainty in human decision-making
under ill-defined data and imprecise knowledge.
In this particular decision-making problem, with
respect to the BWMC’s SEPBiC criteria, each of the
option’s information content was computed under an
intuitionistic fuzzy environment. This is an environment where the hesitation margins of each expert’s preferences or opinions were factored into the calculation
in the course of linguistic data collation. The hesitation
margin as a function in intuitionistic fuzzy decisionmaking potentially improves the accuracy of the experts
decision-making process, as it is a better mimetic representation of the human mind while making a decision.

Some basic definitions
Definition 1. Fuzzy set:32
A fuzzy set A from a non-empty set X is defined by
A = f½x, mA (x) :

x 2 X"g

ð7Þ

where mA(x): X ! [0,1] is the membership function of
the fuzzy set A.
Fuzzy set is a collection of objects with graded membership, that is, having degrees of membership.
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Figure 6. Membership and non-membership functions of intuitionistic fuzzy number.

Definition 2. IFS:62
An IFS A from a non-empty set X is defined as
A = fðx, mA (x), vA (x)Þ :

A . 0, B . 0, l . 0, the arithmetic operation is
defined as

x 2 Xg

ð8Þ

where the functions mA(x), nA(x): X ! [0,1] are the
degree of membership and degree of non-membership,
respectively, of the element x 2 X to set A which is a
subset of X, and for every element x 2 X,
0 4 mA(x) + nA(x) 4 1.
The hesitation margin of x in A
pA (x) = 1 % mA (x) % vA (x)

ð9Þ

where pA(x): X ! [0,1] and
for every x 2 X.
pA expresses lack of knowledge of whether x belongs
to IFS A or not. pA(x) is also known as the degree of
hesitancy. And
S = mA (x) % vA (x),

S 2 ½%1, 1"

ð11Þ

is known as the score function S of an intuitionistic
fuzzy number. While
H = mA (x) + vA (x),

H 2 ½0, 1"

min(mA , mB ); max(vA , vB )

A % B = (½x1 % y1 , x2 % y2 , x3 % y3 ";
min(mA , mB ); max(vA , vB )
A3B = (½x1 3y1 , x2 3y2 , x3 3y3 ";
min(mA , mB ); max(vA , vB )
#
$
A
x1 x2 x3
=(
, ,
; min(mA , mB ); max(vA , vB )
B
y1 y2 y3

ð13Þ

lA = (½lx1 , lx2 , lx3 "; 1 % (1 % mA )l ; vA l
ð10Þ

04pA (x)41

A + B = (½x1 + y1 , x2 + y2 , x3 + y3 ";

ð12Þ

is known as the accuracy function H of an intuitionistic
fuzzy number.
Definition 3. Standard triangular intuitionistic fuzzy
number (STIFN):64
STIFN A in X is given by A = ([x1, x2, x3]; mA; nA),
as shown in Figure 5.
Definition 4. Arithmetic operations on intuitionistic
fuzzy numbers:41,65
For two STIFNs, A = ([x1, x2, x3]; mA; nA) and
B = ([y1, y2, y3]; mB; nB) with mB 6¼ nB, nB 6¼ mB for
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Definition 5. Hamming distance d(A, B):41
Hamming distance d(A, B) between intuitionistic
fuzzy numbers A and B is
1
(j(1 + mA % vA ) ' x1 % (1 + mB % vB ) ' x2 j
8
+ 2j(1 + mA % vA ) ' x1 % (1 + mB % vB ) ' x2 j
+ j(1 + mA % vA ) ' x1 % (1 + mB % vB ) ' x2 j)

d(A, B) =

ð14Þ

Definition 6. Order relation on intuitionistic fuzzy
numbers:41
The order relation on intuitionistic fuzzy numbers
based on the score function S and the accuracy function H is
If SA \ SB , then A is worse than B
If SA . SB , then A is better than B
If SA = SB , then
1: where HA = HB , then A and B are equal
2: where HA \ HB , then A is worse than B
3: where HA . HB , then A is better than B

ð15Þ
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Definition 7. Membership information content IM and
non-membership information content IN41:
Membership information content IM and nonmembership information content IN (Figure 6) are
given, respectively, by
Membership system design
I = log2
Membership common area
Non % membership system design
IN = log2
Non % membership common area
M

ð16Þ
ð17Þ

HIC = IM + IN

ð18Þ

2

C1

r^11
6
A2 6 r^21
R^k = . 6
.
.. 6
4 ..
Ai r^i1
A1

Definition 8. Score function (S) and accuracy function
(H):41,65
The score function (S) and accuracy function (H) in
an AD environment41 are given as
SIC = IM % IN

(k) (k) (k)
(k) (k)
^
^r(k)
ij = (rij1 , rij2, rij3 ; mij , vij ) 2 Rk for the alternative
Ai 2 A with respect to the criterion Cj 2 C, the group
decision-making matrix shall be given by R^k

C2
^r12
^r22
..
.
r^i2

' ' ' Cj
3
' ' ' ^r1j
' ' ' r^2j 7
7
7
.. 7
..
. 5
.
...

ð19Þ

r^ij

(k) (k)
where the expression r(k)
ij1 , rij2 , rij3 is the triangular fuzzy
(k)
(k)
number; mij and vij represent both the membership
and non-membership functions, respectively, from
which the hesitation margin is computed. The superscript/subscript k represents a generic identity of a specific DM, while the subscripts i and j represent the
alternatives and criteria, respectively, in the selection
process.
Therefore, the following decision-making parameters
defined for an IFMAD can be calculated thus:

IFMAD
41,66
The technique IFMAD is a hybrid of AD by Suh42 and Definition 9. Degree of agreement S(R^k , R^l ):
The degree of agreement (or similarity) S(R^k , R^l ) is
Atanassov’s62 IFST. In this study, the model or technique
given
by
is employed in the selection of the most suitable BWMMs’
%
%
0
31
2%
(k)
(k)
(k)
(l)
(l)
(l) %
%(1 + mij % nij ) ' rij1 % (1 + mij % nij ) ' rij1 %
6
m X
n B
%
% 7C
X
C
B
1
1 6
%
(k)
(k)
(k)
(l)
(l)
(l) % 7
C
B
6
^
^
3
S(Rk , Rl ) =
1 % 36 + 23%(1 + mij % nij ) ' rij2 % (1 + mij % nij ) ' rij2 % 7
7C ð20Þ
m3n l = 1 j = 1 B
8
@
5A
4
%
%
%
(k)
(k)
(l)
(l)
(l) %
+ %(1 + m(k)
ij % nij ) ' rij3 % (1 + mij % nij ) ' rij3 %

evaluation technique. The technique is an extended
FMCDM that is compatible with the problem characteristics. The selection problem has the following characteristics: five alternative models, five intuitionistic fuzzy
selection criteria and three experts or DMs. The criteria
are predominantly vague and imprecise in dimension.
Criteria weight vector is assumed equal for all criteria in
this article. This is because Wallace and Suh60 observed
that when varying weighing factors are introduced in AD,
the arbitrariness and relative meaning of the weighing factors may reduce the meaning of the information metrics.
Considering the definition of ‘fuzzy opinion aggregation
problems’ by Chen66 and the definition of ‘AD in intuitionistic fuzzy environment’ by Li,41 an IFMAD model selection problem therefore can be defined thus.
Let discrete set of alternatives be A = {A1, A2,.,
Ai}, with respect to the set of criteria C = {C1, C2,.,
Cj}, with equal criteria weight vector
Pn w = {w1, w2,.,
wn} where wj 5 0, j = 1, 2,., n,
j = 1 wj = 1, and set
of DMs D = {D1, D2,., Dt}. Assuming the degree of
importance of DMs is hi, where hi 2 [0,1] and
P
t
v = 1 hv = 1, and set of intuitionistic fuzzy criteria
goals or FRs are given by F = ff^1 , f^2 , . . . , f^n g.
Assuming that a technique designer or a DM
Dk 2 D gives an intuitionistic preference value
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where k and l are the superscripts/subscripts for two different DMs.

Definition 10. Average degree of agreement A(Dk ):41,65–68
The average degree of agreement A(Dk ) of DM Dk is
given by
A(Dk ) =

t
1 X
S(R^k , R^l )
t%1
l=1
i 6¼ 1

ð21Þ

Definition
11. Relative
degree
of
agreement
RA(Dk ):41,65–68
The relative degree of agreement RA(Dk ) of DM Dk
is given by
RA(Dk ) =

A(Dk )
t
P
A(Dk )

ð22Þ

t=1

Definition 12. Consensus degree coefficient C(Dk ):41,66–68
The consensus degree coefficient C(Dk ) of DM Dk is
given by
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9

y1
y1
3wi +
3RA(Dk )
y1 + y2
y1 + y2

Assuming y1 to be the importance weight of the
DMs and y2 be the agreement weight of the DMs,
where y1 2 ½0, 1" and y2 2 ½0, 1".
Definition 13. Aggregated fuzzy opinion R:41,65–68
The aggregate fuzzy opinion R is given by
R = C(D1 ) ( R1 ) C(D2 ) ( R2 , . . . , C(Dn ) ( Rn
*
+
n
n
n
X
X
X
(k)
(k)
=
C(Dk )3r(k)
,
C(D
)3r
,
C(D
)3r
k
k
ij1
ij2
ij3 ;
k=1

&
min 1 % (1 % m(k)
ij )
k

k=1
'C(Dk )

8
>
<0
I = Infinitive
>
:
system design
log2 TFN
Common area ,

ð23Þ

Definition 16. Score function of information content
41
SIC
i :
The score function of information content SIC
is
i
given by
SIC
i =

C(Dk )

k

ð24Þ

where Dk 5 0, k = (1,2,., n),
k = 1 C(Dk ) = 1; (
and ) are the multiplication and addition operators of
intuitionistic fuzzy numbers, respectively.

n
X

j=1

N
(IM
ij % Iij )wj

ð28Þ

Definition 17. Accuracy value of information content
41
HIC
i :
The accuracy value of information content HIC
is
i
given by
HIC
i =

Definition
14. Membership
information
content
41,65,66
:
IM
ij
Membership information content IM
ij is given by
Membership system design of f^j
Membership common area of r^ij and f^j

n
X

j=1

HIC
ij wj =

n
X

N
(IM
ij + Iij )wj

j=1

IC
Ai is worse than Aj if SIC
i \ Sij
IC
Ai is better than Aj if SIC
i . Sij

ð25Þ

^ij1 . f^j3 or r^ij2 \ f^j1 in system design of f^j . And
IM
ij is 0 if r
for common area also, if ^rij1 4f^j3 and r^ij3 5f^j1 , where r^ij1
and ^
rij3 are the lower and upper values of alternative Ai
on criterion Ci, respectively, and f^j1 and f^j3 are the lower
and upper values of FRi, respectively.
Definition 15. Non-membership information content
41,65,66
IN
ij :
Non-membership information content IN
ij is given by
IN
ij = log2

SIC
ij wj =

Þ

Pn

IM
ij = log2

n
X

j=1

k=1

, max (n(k)
ij )

9
if r^ij3 . f^j1 >
=
if r^ij1 \ f^j3
>
;
Otherwise

Non % membership system design of f^j

Non % membership common area of r^ij and f^j
ð26Þ

^ij1 . f^j3 or r^ij3 \ f^j1 in system design of f^j . And
IN
ij is 0 if r
for common area also, if ^rij1 4f^j3 and ^rij3 5f^j1 , where r^ij1
and ^
rij3 are the lower and upper values of alternative Ai
on criterion Ci, respectively, and f^j1 and f^j3 are the lower
and upper values of FRi, respectively.
The value of the membership and non-membership
information content can be determined as follows:
Benefit attributes
9
8
>
if r^ij1 . f^j3 >
=
<0
I = Infinitive
if r^ij3 \ f^j1
>
>
;
:
system design
log2 TFN
Otherwise
Common area ,
ð27Þ

Cost attributes
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ð29Þ
ð30Þ

IC
And if SIC
i = Sij , then the following holds

1.
2.
3.

IC
If HIC
i = Hij , then Ai and Aj are equal;
IC
If HIC
i \ Hij , then Ai is worse than Aj;
IC
If HIC
i . Hij , then Ai is better than Aj.

Illustrative examples
Application in technique selection
There are five alternative techniques denoted by
A = {A1, A2,., A5} and a set of five intuitionistic
fuzzy model selection criteria for problem characteristics denoted by C = {C1, C2,., C5}. The weight of the
degrees of importance of the experts (y1) and the weight
of the relative degrees of agreement of the experts (y2)
are assumed to be equal and their values each is 0.5,
where y1 2 ½0, 1" and y2 2 ½0, 1", respectively. The
weights of the criteria are also assumed to be equal and
the values are 0.2, 0.2, 0.2, 0.2 and 0.2 for C1, C2, C3,
C4 and C5, respectively, as mentioned earlier. The opinions of the DMs in this study can be expressed using
the intuitionistic fuzzy terms in Table 1.
The top five MCDM alternatives considered are
given as follows:
1.
2.
3.
4.
5.

Hybrid FMCDM;
Hybrid MCDM;
Fuzzy AHP;
Fuzzy TOPSIS;
AD.

10
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Table 1. Definition of intuitionistic fuzzy terms.
Fuzzy terms

Intuitionistic fuzzy numbers

DL
VL
L
M
H
VH
DH

h½(0, 0, 0:1); 0:10, 0:9"i
h½(0, 0:1, 0:25); 0:25, 0:75"i
h½(0, 0:3, 0:45); 0:40, 0:55"i
h½(0:25, 0:5, 0:65); 0:50, 0:45"i
h½(0:45, 0:7, 0:8); 0:60, 0:30"i
h½(0:55, 0:9, 0:95); 0:75, 0:10"i
h½(0:85, 1, 1); 0:90, 0:10"i

DL: definitely low; VL: very low; L: low; M: medium; H: high; VH: very
high; DH: definitely high.

Figure 7. Membership and non-membership functions of
intuitionistic fuzzy terms/numbers.

Table 2. Linguistic evaluation information of alternatives.

A1
A2
A3
A4
A5

C1

C2

C3

C4

C5

L
M
L
H
H

DH
VH
H
M
L

H
DL
M
H
H

H
DL
M
H
H

L
M
M
H
H

L: low; DH: definitely high; H: high; M: medium; VH: very high; DL:
definitely low.

IFMAD algorithm. The following algorithm is adopted
from Chen66 for an IFMAD decision-making problem.41,65,66 It is based on the information axiom
approach of AD:
1.

2.

3.

4.

Determination of membership (IM
ij ) and nonmembership information content (IN
ij ) using equations
(25) and (26), respectively.
Determination of information content score funcIC
tion (SIC
i ) and accuracy function (Hi ), see equations (28)–(30), from which the most appropriate
alternative is selected.

Step 1. Transformation of linguistic preferences into
STIFNs as shown in Tables 2–5. The definition of the
linguistic terms used is in Table 1 and Figure 7.

Using IFMAD principles, the membership and nonLinguistic data transformation into intuitionistic
membership degrees represented by mij and nij, respecfuzzy numbers. Linguistic preference values and
tively, for the alternative Ai 2 A with respect to the
linguistic FRs are initially assumed (Table 1 and
criterion Cj 2 C can be obtained. The experts’ opinions
Figure 10). Since linguistic terms are not operable
shall generate the system and design range data as
mathematically, they are transformed into
shown in Tables 2–5 (a single-expert system range and
STIFNs.
a three-expert design range).
Opinions’ aggregation of DMs. The method and
66
procedure by Chen is used by this study and it is
Step 2. Aggregation of DMs’ opinions.66
thus;
(a) Determination of the degree of agreement
The degree of agreement of the three DMs (D1, D2
S(R^k , R^l ) of the opinions between each pair
of DMs Dk and Dl, where S(R^k , R^l ) 2 ½0, 1", and D3) is given by
%
0
2 %%
31
(k)
(k)
(k)
(l)
(l)
(l) %
%(1 + mij % nij ) ' rij1 % (1 + mij % nij ) ' rij1 %
%
% 7C
5 X
1 B
X
1
1 6
%
B
6
(k)
(k)
(k)
(l)
(l)
(l) % 7C
3
S(R^1 , R^2 ) =
B1 % 36 + 23%(1 + mij % nij ) ' rij2 % (1 + mij % nij ) ' rij2 % 7C = 0:9072
5A
531 l = 1 j = 1 @
8 4
%
%
%
(k)
(k)
(k)
(l)
(l)
(l) %
+ %(1 + mij % nij ) ' rij3 % (1 + mij % nij ) ' rij3 %
14k4t, 14l4t, k 6¼ l (using equation (20)).
(b) Determination of the average degree of agreement A(Dk ) of DM Dk (using equation (21)).
(c) Determination of the relative degree of agreement RA(Dk ) of DM Dk (using equation
(22)).
(d) Determination of consensus degree coefficient
C(Dk ) of DM Dk (using equation (23)).
(e) Aggregation of the fuzzy opinion R (using
equation (24)).
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S(R^1 , R^3 ) = 0:8913
S(R^2 , R^3 ) = 0:8051

The average degree of agreement A(Dk ) of DM Dk is
given by
A(D1 ) =

3
X
1
S(R^1 , R^2 ) = 0:8993
3%1
j=1
j 6¼ 1

Kuroshi and Ölc
xer
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Table 3. Intuitionistic fuzzy evaluation information of alternatives.

A1
A2
A3
A4
A5

C1
#
$
(0, 0:3, 0:45);
# 0:40, 0:55
$
(0:25, 0:5, 0:65);
# 0:50, 0:45 $
(0, 0:3, 0:45);
# 0:40, 0:55
$
(0:45, 0:7, 0:8);
# 0:60, 0:30 $
(0:45, 0:7, 0:8);
0:60, 0:30

C2
#
$
(0:85, 1, 1);
# 0:90, 0:10
$
(0:55, 0:9, 0:95);
# 0:75, 0:10 $
(0:45, 0:7, 0:8);
# 0:60, 0:30
$
(0:25, 0:5, 0:65);
# 0:50, 0:45 $
(0, 0:3, 0:45);
0:40, 0:55

C3
#
$
(0:45, 0:7, 0:8);
# 0:60, 0:30
$
(0, 0, 0:1);
# 0:10, 0:9
$
(0:25, 0:5, 0:65);
# 0:50, 0:45 $
(0:45, 0:7, 0:8);
# 0:60, 0:30 $
(0:45, 0:7, 0:8);
0:60, 0:30

C4
#
$
(0:45, 0:7, 0:8);
# 0:60, 0:30
$
(0, 0, 0:1);
# 0:10, 0:9
$
(0:25, 0:5, 0:65);
# 0:50, 0:45 $
(0:45, 0:7, 0:8);
# 0:60, 0:30 $
(0:45, 0:7, 0:8);
0:60, 0:30

C5
#
$
(0, 0:3, 0:45);
# 0:40, 0:55
$
(0:25, 0:5, 0:65);
# 0:50, 0:45 $
(0:25, 0:5, 0:65);
# 0:50, 0:45 $
(0:45, 0:7, 0:8);
# 0:60, 0:30 $
(0:45, 0:7, 0:8);
0:60, 0:30

Table 4. A three-expert linguistic functional requirement (design range) for each criterion.
D1

FRs

D2

D3

C1

C2

C3

C4

C5

C1

C2

C3

C4

C5

C1

C2

C3

C4

C5

H

M

H

H

M

L

M

H

H

L

H

M

M

M

H

FR: functional requirement; H: high; M: medium; L: low.

Table 5. Intuitionistic fuzzy aggregation of experts opinions (design range) using equation (24).
C1
FRs

(0:24, 0:45, 0:55);
0:43, 0:31

C2
#
$
(0:44, 0:78, 0:95);
0:72, 0:52

C3
#
$
(0:31, 0:51, 0:60);
0:45, 0:28

C4
#
$
(0:31, 0:51, 0:60);
0:45, 0:28

C5
(0:19, 0:40, 0:51);
0:29, 0:20

FR: functional requirement.

A(D2 ) =

A(D3 ) =

3
X
1
S(R^1 , R^3 ) = 0:8562
3%1
j=1
j 6¼ 1

and w1, w2 and w3 are 0.2, 0.2 and 0.2, respectively) are
given by
y1
y1
3w1 +
3RA(D1 ) = 0:2727
y1 + y2
y1 + y2
y1
y1
3w2 +
3RA(D2 ) = 0:2644
C(D2 ) =
y1 + y2
y1 + y2
y1
y1
3w3 +
3RA(D3 ) = 0:2629
C(D3 ) =
y1 + y2
y1 + y2

C(D1 ) =

3
X
1
S(R^2 , R^3 ) = 0:8482
3%1
j=1
j 6¼ 1

The relative degree of agreement RA(Dk ) of DM Dk
is given by
RA(D1 ) =

A(D1 )
= 0:3454
3
P
A(Dk )

Step 3. Determination of membership (IM) and nonmembership (IN) functions

i=1

RA(D2 ) =

A(D2 )
= 0:3288
3
P
A(Dk )

Membership (IM) and non-membership (IN) funcN
tions can be calculated as IM
11 and I11 , respectively, for
alternative A1 with respect to C1 as in the following
example and AD intuitionistic fuzzy graph (ADIFG)
shown in Figure 8

i=1

RA(D3 ) =

The fuzzy aggregation of the three-expert opinions
(design range) is calculated using equation (24) and the
results are shown in Table 5.

A(D3 )
= 0:3258
3
P
A(Dk )

i=1

The consensus degree coefficients C(Dk ) of DMs D1,
D2 and D3 (where y1 and y2 are 0.5 and 0.5, respectively,
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IM
ij = log2

Membership system design of f^j
Membership common area of ^rij and f^j
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Table 6. Membership information content of the alternatives.

A1
A2
A3
A4
A5

C1

C2

C3

C4

C5

Viability

1.836
0.740
1.836
2.807
2.807

5.698
0.396
0.027
1.836
9.800

5.788
Infinitive
0.377
5.788
5.788

5.788
Infinitive
0.377
5.788
5.788

1.538
1.396
1.396
5.129
5.129

Viable
Not viable
Viable
Viable
Viable

Table 7. Non-membership information content of the alternatives.

A1
A2
A3
A4
A5

C1

C2

C3

C4

C5

Viability

2.430
0.820
2.430
2.920
2.920

1.585
0
Infinitive
1.968
9.276

2.558
Infinitive
0.425
2.558
2.558

2.558
Infinitive
0.425
2.558
2.558

2.254
1.585
1.585
5.129
5.129

Viable
Not viable
Not viable
Viable
Viable

Membership system design of A11
Membership common area of A11 and FR1
Area of triangle ABC½(0, 0:3, 0:45); 0:40"
= log2
Intersection of area of triangles ABC½(0, 0:3, 0:45); 0:40" and DEF½(0:24, 0:45, 0:55); 0:43"
Area of ABC(system range)
= log2 =
Area of DGC(common area)
0:090
= 1:836
= log2
0:025
Non % membership system design of A11
IN
11 = log2
Non % membership common area of A11 and FR1
Area of triangle abc½(0, 0:3, 0:45); 0:55"
= log2
Intersection of area of triangles abc½(0, 0:3, 0:45); 0:55" and def½(0:24, 0:45, 0:55); 0:31"
Area of abc(system range)
= log2 =
Area of dgc(common area)
0:124
= 2:430
= log2
0:023

IM
11 = log2

From Tables 6 and 7, the values of alternatives A2
and A3 are beyond the scope of the FR with respect to
at least one criterion. They are therefore disqualified to
be among the viable alternatives that satisfy the design
range of the alternative technique of choice.
Step 4. Calculation of the score and accuracy functions
The value of the score function of alternative A4 is
obtained by
SIC
i =

5
X

j=1

SIC
ij wj =

5
X

j=1

1.
2.
3.

IC
If HIC
i = Hij , then Ai and Aj are equal;
IC
If HIC
i \ Hij , then Ai is worse than Aj;
IC
IC
If Hi . Hij , then Ai is better than Aj.

The value of the score function of alternative A4 is
obtained by
HIC
i =

n
X

j=1

HIC
ij wj =

n
X

N
(IM
ij + Iij )wj

j=1

Selection of best alternative. The best alternative is the one
with the highest value of score function SIC
i . A1, A4 and
A5 are the viable alternatives from Tables 8 and 9. A2
and A3 are not suitable for problem nature because the
values of their information contents (membership and
non-membership functions) with respect to at least one
criterion are beyond the scope of the FRs of the design
range. The final ranking is therefore

N
(IM
ij % Iij )wj

IC
Ai is worse than Aj if SIC
i \ Sij .
IC
.
S
Ai is better than Aj if SIC
i
ij .
IC
And if SIC
i = Sij , then the following holds:
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Table 8. The value of the score function of alternatives.
A1
A4
A5

Hybrid fuzzy MCDM
Fuzzy TOPSIS
Axiomatic design

1.8526
1.2430
1.3742

MCDM: multi-criteria decision-making; TOPSIS: technique for order of
preference by similarity to ideal solution.

Table 9. The value of the accuracy function of alternatives.
A1
A4
A5

Hybrid fuzzy MCDM
Fuzzy TOPSIS
Axiomatic design

6.4294
7.2962
10.3506

MCDM: multi-criteria decision-making; TOPSIS: technique for order of
preference by similarity to ideal solution.

Table 10. Seven-expert linguistic design range for IMO criteria.
Experts

C1

C2

C3

C4

C5

D1
D2
D3
D4
D5
D6
D7

H
VH
VH
VH
VH
VH
DH

VH
VH
H
VH
VH
M
DH

VH
H
H
M
VH
H
DH

H
VH
VH
VH
H
H
DH

H
H
H
M
L
H
H

H: high; VH: very high; M: medium; L: low; DH: definitely high.

A1 . A5 . A4

A1 (i.e. fuzzy hybrid FMCDM) is, therefore, with
respect to the five stated criteria, the most appropriate
model for the evaluation of BWMMs followed by A5
or AD. Because the exact combination of techniques
that formed the hybrid (A1) are not stated or mentioned in the literature, AD was therefore selected as
the technique of choice.

Numerical application in BWMMs’ evaluation
Evaluation of BWMMs using the information axiom
approach of AD principles under an intuitionistic fuzzy
environment will require linguistic data from BWM
experts. This also will be a novel application of the technique, hence the need for another numerical example.
A total of seven BWM experts were interviewed.
Their backgrounds and amount of time dedicated to
BWM is shown in Appendix 1.
The seven experts (D1, D2,., D7) gave their linguistic preferences (Tables 10–12) regarding four alternatives (A1, A2,., A4) of BWM with respect to five
evaluation criteria (C1, C2,., C5) stipulated by the
IMO in the BWMC, regulation D-5.2. Since the most
suitable technique selected is AD, the algorithm outlined in earlier shall again be applied in the next section
to analyze the linguistic preferences of the experts and
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Figure 8. Membership and non-membership functions of
alternative A1 with respect to C1.

select the most appropriate BWM alternative with
respect to the SEPBiC criteria (Figure 9), under an
intuitionistic fuzzy setting. The assumptions in earlier
section also shall remain the same for importance
weight of experts (y1), agreement weight of experts (y2)
and criteria weight vector (wi 2 w).
Selection of Appropriate BWMM. Using the standard
selection algorithm for an extended FAD used earlier,
a seven-expert decision was made under an intuitionistic fuzzy environment. The intuitionistic fuzzy terms
were defined based on Table 1 and the following were
obtained as in Table 13.
From the resultant ADIFG examples (Figures 10
and 11) with respect to the different criteria, the information contents of the different options (Tables 14 and
15) and subsequently the score and accuracy functions
(Tables 16 and 17) were computed.
Post-loading onshore BWMM was found to posses
the highest probability for success, followed by shipboard BWMM and pre-OBWTS in that order. BWE
has the least probability of success (Table 16).

Conclusion
This article demonstrates two novel applications of a
hybridized extension of FAD in selecting the most suitable decision-making technique and ultimately successfully evaluating the most practicable BWM concepts
(BWMMs). The criteria for the evaluation of the
BWMMs as stipulated in the BWMC of the IMO are
multi-factorial, predominantly qualitative and imprecise in nature. In this study, the technique IFMAD was
shown to possess the capacity to deal with the imprecise nature of the criteria and the resultant linguistic
data from experts. The aggregative average working
time spent by these experts on BWM issues was found
to be approximately over 70%. The outcome of the
study implies that IFMAD is a suitable technique for
the evaluation of BWMMs as well as the evaluation of
systems with fuzzy dimensions such as ecological and
socio-technical systems.
Although post-loading onshore BWMM was selected
in this study as the most appropriate BWMM, followed

14
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Table 11. Intuitionistic fuzzy aggregation of seven-expert opinions (design range) using equation 24.

FRs

C1
#
$
ð0:58, 0:89, 0:94Þ;
0:75, 0:13

C2
#
$
ð0:54, 0:83, 0:90Þ;
0:71, 0:18

C3
#
$
ð0:55, 0:83, 0:90Þ;
0:71, 0:19

C4
#
$
ð0:54, 0:80, 0:87Þ;
0:69, 0:30

C5
#
$
ð0:32, 0:59, 0:59Þ;
0:54, 0:37

FR: functional requirement.

Table 12. Seven-expert linguistic evaluation information of BWMM alternatives.
Alternatives

A1 BWE
A2 Shipboard
A3 Pre-OBWTS
A4 Post-loading

D1

D2

C1

C2

C3

C4

C5

C1

C2

C3

C4

C5

L
H
DH
VH

H
M
VH
H

L
M
M
H

L
H
VH
H

L
M
M
L

L
VH
M
H

VH
H
H
VH

L
M
L
M

M
H
H
H

M
M
M
M

D3

A1 BWE
A2 Shipboard
A3 Pre-OBWTS
A4 Post-loading

D4

C1

C2

C3

C4

C5

C1

C2

C3

C4

C5

L
H
VH
VH

DH
H
VH
VH

M
M
L
L

H
VH
VH
VH

H
H
M
M

M
VH
VH
VH

H
VH
VH
VH

H
M
H
H

M
H
VH
VH

VH
L
H
H

D5

A1 BWE
A2 Shipboard
A3 Pre-OBWTS
A4 Post-loading

D6

C1

C2

C3

C4

C5

C1

C2

C3

C4

C5

M
VH
DH
DH

M
VH
H
H

L
M
VL
VL

M
DH
H
H

H
L
M
M

H
M
H
H

M
H
H
VH

M
L
M
M

M
M
VH
VH

H
H
H
H

C1

C2

C3

C4

C5

M
DH
DH
DH

H
DH
DH
DH

M
VH
DH
DH

L
DH
DH
DH

M
H
M
M

D7

A1 BWE
A2 Shipboard
A3 Pre-OBWTS
A4 Post-loading

BWE: ballast water exchange; pre-OBWTS: pre-loading onshore ballast water treatment system; L: low; H: high; VH: very high; M: medium; DH:
definitely high.

Table 13. Intuitionistic fuzzy aggregation of seven-expert opinions of BWMMs using equation 24.

A1
A2
A3
A4

C1
#
$
(0:17, 0:45, 0:59);
0:47, 0:46 $
#
(0:52, 0:8, 0:87);
# 0:69, 0:21
$
(0:62, 0:86, 0:91);
0:76, 0:18
#
$
(0:60, 0:87, 0:92);
0:75, 0:16

C2
#
$
(0:46, 0:71, 0:83);
0:64, 0:29
#
$
(0:50, 0:77, 0:85);
0:67, 0:24
#
$
(0:54, 0:83, 0:89);
0:71, 0:19
#
$
(0:56, 0:86, 0:92);
0:73, 0:16

C3
#
$
(0:14, 0:41, 0:56);
0:46, 0:41
#
$
(0:25, 0:53, 0:66);
0:52, 0:42
#
$
(0:25, 0:48, 0:60);
0:52, 0:43
#
$
(0:32, 0:54, 0:66);
0:54, 0:42

by shipboard management and pre-OBWTS in that
order, the authors believe that each of these concepts’
performance can be enhanced with respect to the
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C4
#
$
(0:21, 0:47, 0:61);
0:49, 0:45
#
$
(0:54, 0:78, 0:86);
0:69, 0:24
#
$
(0:56, 0:86, 0:92);
0:73, 0:16
#
$
(0:77, 0:83, 0:89);
0:70, 0:18

C5
#
$
(0:34, 0:61, 0:73);
0:57, 0:35
#
$
(0:26, 0:53, 0:66);
0:52, 0:41
#
$
(0:31, 0:56, 0:69);
0:55, 0:38
#
$
(0:34, 0:56, 0:72);
0:55, 0:41

stipulated criteria by a decoupling analysis. A decoupling analysis using the outcome of a previous study by
the authors which was based on the independence

Kuroshi and Ölc
xer
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Figure 9. Ballast water management method (BWMM) multi-criteria decision-making hierarchy.

Figure 10. Membership and non-membership functions of alternatives A1, A2 and A4 with respect to the environmental acceptability
of methods.

Figure 11. Membership and non-membership functions of alternatives A1, A2, A3 and A4 with respect to practicability of methods.
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Table 14. Membership information content of the BWMM alternatives.

A1
A2
A3
A4

C1

C2

C3

C4

C5

7.600
0.333
0.086
0.061

0.736
0.380
0
0.228

5.594
3.503
5.508
3.213

4.670
0.108
0.577
0.664

0.694
1.612
0.521
0.564

Table 15. Non-membership information content of the BWMM alternatives.

A1
A2
A3
A4

C1

C2

C3

C4

C5

10.900
0.352
0.458
0.356

1.304
0.673
0
0.176

5.428
4.705
6.663
3.020

5.306
0
0.384
0.626

0.771
0.771
0.577
0.672

Table 16. The value of the score function of BWMM
alternatives.
A1
A2
A3
A4

BWE
Shipboard
Pre-OBWTS
Post-loading

Table 17. The value of the accuracy function of BWMM
alternatives.
20.883
20.113
20.278
20.024

A1
A2
A3
A4

BWE
Shipboard
Pre-OBWTS
Post-loading

8.601
2.487
2.955
1.916

BWE: ballast water exchange; pre-OBWTS: pre-loading onshore ballast
water treatment system.

BWE: ballast water exchange; pre-OBWTS: pre-loading onshore ballast
water treatment system.

axiom approach of AD is a research prospect for the
immediate future.
Some of the challenges with the implementation of
the BWMC have to do with the very limited available
type-approved BWTS globally. There are barely less
than 60 IMO type-approved systems so far in a potential US$80 billion global BWM market. No treatment
system yet has received type-approval from the US
coast guard. The type-approved systems by the IMO
are predominantly designed for shipboard operation.
The outcome of this study, however, shows that nonshipboard application of BWM should be given much
more attention both by the IMO and manufacturers of
these systems.
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decomposition-based approach for the development of a
supply chain strategy. Int J Prod Econ 2007; 105: 21–42.
49. Ferrer I, Rios J and Ciur J. An approach to integrate
manufacturing process information in part design phases.
J Mater Process Tech 2009; 209(4): 2085–2091.
50. Kim S, Suh N and Kim S. Design of software systems
based on axiomatic design. Robot Cim: Int Manuf 1991;
8(4): 243–255.
51. Donnarumma A, Poppalardo M and Ve Pellegrino A.
Measure of independence in soft design. J Mater Process
Tech 2002; 124: 32–35.
52. Huang G and Jiang Z. Web-based design review of fuel
pumps using fuzzy set theory. Eng Appl Artif Intel 2002;
15: 529–539.
53. Dworniczak P. Some applications of intuitionistic fuzzy
sets for the determination of a sociometric index of acceptance. Cybern Inform Tech 2012; 12(1): 70–77.

161

54. DeVellis RF. Scale development: theory and applications.
3rd ed. Los Angeles, CA: SAGE, 2012.
55. Kahraman C and Cebi S. A new multi-attribute decision
making method: hierarchical fuzzy axiomatic design.
Expert Syst Appl 2009; 36(3): 4848–4861.
56. Mardani A, Jusoh A and Zavadskas E. Fuzzy multiple
criteria decision-making techniques and applications—
two decades review from 1994 to 2014. Expert Syst Appl
2015; 42: 4126–4148.
57. Suh N. Complexity in engineering. CIRP Ann: Manuf
Techn 2005; 54(2): 46–53.
58. Cochran D, Eversheim W, Kubin G, et al. The application of axiomatic design and lean management principles
in the scope of production system segmentation. Int J
Prod Res 2000; 38(6): 1377–1396.
59. Kulak O and Kahraman C. Fuzzy multi-attribute selection among transportation companies using axiomatic
design and analytic hierarchy process. Inform Sciences
2005; 170: 191–210.
60. Wallace D and Suh N. Information-based design for environmental problem solving. CIRP Ann: Manuf Techn
2015; 42(1): 175–180.
61. Atanassov K. Intuitionistic fuzzy sets. Heidelberg,
Germany: Springer, 1999.
62. Atanassov K. Intuitionistic fuzzy sets. Fuzzy Set Syst
1986; 20(1): 87–96.
63. Szmidt E and Kacprzyk J. Intuitionistic fuzzy sets in
some medical applications. In: Proceedings of the 5th
international conference on IFSs (NIFS 2001), Sofia,
22–23 September 2001, vol. 7, no. 4.
64. Li D. A note on ‘‘using intuitionistic fuzzy sets for faulttree analysis on printed circuit board assembly.’’ Microelectron Reliab 2008; 48: 1741.
65. Li M. Extension of axiomatic design method for fuzzy
linguistic multiple criteria group decision making with
incomplete weight information. Math Probl Eng 2012;
2012: 634326.
66. Chen S. Aggregating fuzzy opinions in the group
decision-making environment. Cybernet Syst 1998; 29(7):
363–376.
67. Ölc
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Appendix 1
Background of experts
S. No.

Background

Worktime dedicated
to BWM (%)

Expert 1

An environmental engineer and ballast water management expert with the
IMO
An engineer and ballast water management expert with the IMO
An engineer and ballast water management expert with the IMO
A marine biologist and ballast water management expert with the IMO
A scientist and ballast water management expert with the IMO
A marine biologist and a ballast water management consultant for the IMO
A university professor of marine biology and ballast water management in a
maritime university
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Expert 2
Expert 3
Expert 4
Expert 5
Expert 6
Expert 7
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80
50
80
90
90
Not available
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A Modified AD-TRIZ Hybrid Approach to Regulation-Based Design and
Performance Improvement of Ballast Water Management (BWM) System
This paper presents a novel methodology in the design and performance enhancement of a
regulation-compliant Ballast Water Management (BWM) System, where three methodologies
were integrated in the process. The application of the multi-functional framework of classical
Axiomatic Design (AD) in developing a design matrix was firstly modified using the influence of
the Software-Hardware-Environment-Liveware (SHEL) interaction concept to factor all the
system’s interacting elements into the solution design. The BWM Convention was used as a
guide to identify the requirements for the proposed system design. The identified AD couplings in
the design matrix were then analysed using Sufield technique; a concept of Altshuler's Theory of
Inventive Problem Solving (TRIZ). The design's most promising performance enhancement
pathways were subsequently determined and prioritised.
Keywords: Axiomatic design, TRIZ, sufield analysis, coupling analysis, ballast water
management, design performance enhancement.

1. Introduction
1.1Background
As an unavoidable externality of international shipping, the discharge of Harmful Aquatic
Organisms and Pathogens (HAOP) via ships' ballast water has been identified by the
International Maritime Organization (IMO) as one of the four greatest threats to the world's
oceans (GloBallast, 2004). The potential of transfer of HAOP is compounded by the fact that all
marine species have planktonic stages in their life-cycle, which may be small enough to pass
through a ship’s ballast water intake ports and pumps (sea chests) (Raaymakers, 2002). Once
HAOPs are introduced and established in a new environment, eliminating them is usually
impossible.
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In order to mitigate the menace, the IMO in 2004 adopted the Ballast Water Management
(BWM) Convention (IMO, 2004) which was only recently on 8th September 2016 attained the
required global aggregate tonnage for global full implementation with Finland’s assent. The
convention requires ships to perform any of the requirements of Regulations D-1 (ballast water
exchange) or D-2 (ballast water treatment) in managing their ballast water. Regulation D-1
however, is a stop gap measure in which 95% volumetric efficiency is required in the
performance of mid-ocean ballast water exchange (BWE) procedure by ships. Regulation D-2, b
on the other hand, is a goal-based discharge standard which requires the deployment of treatment
methods whose discharge performances should be within a certain range (both in terms of size
and numbers per unit volume) of viable organisms stipulated by the BWM Convention D-2
standards. Its requirement is much more stringent than Ballast Water Exchange (BWE)
standards.
About 69 type-approved BWM systems were reported at the most recent IMO's Marine
Environment Protection Committee (MEPC) 70 meeting. At MEPC 67 some concerns were
however raised about the lack of robustness of the type-approval procedure in Guidelines (G8).
And also the report from the correspondence group set up by the IMO's MEPC reported the
inability of most of the type-approved BWM systems to satisfy the required efficacy standards of
Regulation D-2 at all times and under all environmental uptake conditions that are likely to be
encountered in a normal ship operation. Guidelines G-8 was, however, revised and accorded a
mandatory status at MEPC 70.
The authors believe that proper synergy or minimisation of mismatches between the
Software-Hardware-Environment-Liveware (SHEL) components of the BWM systems in
fulfilling the requirements of the BWM Convention will address, the concerns raised by the
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MEPC's correspondence group regarding the performance of the type-approved systems will be
mitigated. The IMO stipulated in Regulation D-5.2 of the BWM Convention that a convention
compliant treatment systems should be developed with respect to safety, environmental
acceptability, practicability, biological effectiveness and cost-effectiveness otherwise referred to
in this study as SEPBiC criteria.
1.2 Study's Objective
The objective of this paper is to show how Sufield concept of TRIZ can be used to reduce
the couplings in a regulation-based design of BWM System which was designed using a
modified Independence Axiom approach of Axiomatic Design (AD). A modified principle of
AD shall be used to identify all the needs from the BWM Convention that an appropriate BWM
system should satisfy in order to comply with the Convention. AD was applied for functional
analysis and Sufield was subsequently used for coupling analysis or functional independence
analysis.
The rest of the paper is organised thus: Reviews of all the relevant works related to the
study is presented in section two and the methodology of the study is presented in section three.
Section four presents an application of the proposed methodology. Discussion of study's
outcomes and conclusive remarks were made in section five and six respectively.

2. Literature Review
2.1 Ballast Water Management Methods Evaluation
There is still a huge gap in the research literature on BWM methods/systems'
performances with respect to IMO’s SEPBiC criteria. There is nonetheless a few number of
research on BWM systems. For example, the performances of BWE, Post-loading and Onboard
4
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treatment methods were evaluated with respect to the IMO criteria by SWRCB (2002). Jing et al.
(2013) also evaluated different ballast water technologies with respect to the criteria using hybrid
stochastic analytic hierarchy process (FSAHP). Acomi and Ghita (2012) carried out a
comparative analysis of four subsets of shipboard treatment; filtration, ultraviolet irradiation,
biocides, heat, and deoxygenation. Kuroshi and Ölçer (2016) also carried out an expert
evaluation of BWE, post-loading, pre-loading and shipboard treatment of ballast water using an
intuitionistic fuzzy multi-criteria decision-making technique.
2.2 Axiomatic Design
Using the AD’s Independence Axiom both Helander (2007) and Bang and Heo (2008)
were able to reduce couplings in human-machine interface and nanofluid system respectively.
The axiom was also used to improve nuclear safety and performance of a DVD design by Heo
and Lee (2007) and Cha and Cho (2002) respectively. Redundancy and coupling problems were
eliminated in a journal bearing design using the independence axiom of the technique (Hirani
and Suh, 2005). Lo and Helander (2007) developed a method using the independence axiom to
identify and eliminate couplings. Lee and Shin (2008) used it to develop the design of water jet
nozzle for cleaning TFT and LCD screens.
2.3 Coupling analysis with TRIZ
TRIZ which is a Russian acronym for the Theory of Inventive Problem Solving is a set of
techniques developed by the Russian inventor Genrich Altshuller, from the review of over two
million patents. The main concepts of the technique are Substance field analysis (Sufield),
Ideality principle, Algorithm for Inventive-Problem Solving (ARIZ), contradictions and the laws
of the evolution of systems (Zambrano, 2012). Su et al (2003) used Sufield to developed new
methods for measuring the functional dependency and sequencing of coupled tasks in a one5
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time-use camera design so as to improve the design process. Thielman et al (2003) developed an
axiomatic design approach to both evaluate and optimise the reactor cavity cooling system
(RCCS) of General Atomics’ Gas Turbine-Modular Helium Reactor (GT-MHR) nuclear reactor,
for the purpose of constructing a quantitative tool that is applicable to Gen-IV systems. The
outcome showed the capacity of AD approach in enhancing the modular design and generating
more robust, safer, and less expensive nuclear reactor sub-units while Shin & Park in 2006 used
a module of TRIZ to decouple a coupled conceptual design processes of a tape feeder and the
beam adjuster of a laser marker.
A Reangularity and Semangularity analysis using a surrogate modelling and optimisation
were used by Thielman & Ge in 2007 to achieve a less functionally coupled design of a largescale system; a nuclear reactor system. Fei et al (2009) used an integration of the principles of
AD and Sufield method (SFM), in the identification and analysis of coupling problems in a
conceptual design of a reactor cavity cooling system (RCCS) of General Atomics’ Gas TurbineModular Helium Reactor (GT-MHR) nuclear reactor. Using the Independence Axiom both
Helander (2007) and Bang and Heo (2009) were able to reduce couplings in human-machine
interface and nanofluid system respectively.
2.4 AD-TRIZ
Kim and Cochran (2000) reviewed the different concepts of TRIZ such as Ideality,
contradictions and Sufield model from the standpoint of AD. Yang and Zhang (2000a) undertook
a comparative analysis of both AD and TRIZ, looking at their possible similarities and
relationships using a paper handling mechanism as a case study. Yang and Zhang (2000b) were
able to use TRIZ and AD principle to develop new approaches to enhance robust designs. The
approaches were used to select the appropriate system output response in a systematic fashion in
6
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a large automotive company. Mann in 2002 examined AD principle and its connection to an
evolved version of TRIZ. Both the benefits and the contradictions arising from their relationship
were highlighted. A method for changing coupling design to uncoupled design by the logical
process of TRIZ was presented by Kang (2004). Lee (2005) employed the multi-function
framework of AD to compensate for the limited capacity of TRIZ to focus on multiple functions
in a system. Shin and Park (2006) were able to show that there are six patterns for decoupling a
design and that each pattern could be resolved by an appropriate TRIZ module. The design of a
new large-capacity safety injection tanks (SIT) which should help in mitigating the large break
loss of coolant accidents was achieved by Heo and Jeong (2008) by using AD and
TRIZ. Shirwaiker and Okudan (2008) were able to demonstrate via a manufacturing related case
study, the effectiveness of a synergistic application of both AD and TRIZ. Tian et al (2010)
showed that the integration of AD and TRIZ separation principles resulted in an improved design
of heating and drying equipment in bitumen reproduction device. The TRIZ separation principles
were used to separate non-independent design parameters of the AD matrix hierarchy.

3. Methodology
3.1 Modified AD Principle
The principles of AD introduced by Suh (1990) is a design methodology which provides
a theoretical foundation used to structure design problems under suitable design requirements
which a designer decides. The resultant designs are made and improved upon based upon the
logic and rational processes of some two axioms- the independence and information axioms. A
design that satisfies the requirements of these two design axioms according to Suh (1990) is
regarded as a good design. The independence axiom requires that the Design Parameters (DP)
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must be chosen to independently satisfy the Functional Requirements (FRs) within an established
design range (Wallace and Suh, 1993). The axiom is mathematically represented by the
following design equations:
[Functional requirements]= [A] [Design Parameters].

(1)

[Design Parameters]= [B] [Process Variables]

(2)

where [A] and [B] are design matrices that characterise the design goal or characteristics. Design
matrix [A] = [FR]/[DP]
The Information Axiom minimises the information content (IC) of the design. The design
with smaller IC is regarded as a better design. Information content (I) is defined by
I=log2 (1/ )

(3)

where p=probability of satisfying a requirement.
Uniform probability distribution pi is given by

The information content is given by

The uniqueness of using a modified AD principles in this study is that the major needs of
the maritime industry expressed by the stakeholders in the BWM Convention regarding the
management of ballast water can be transformed to system requirements (FRs) of the proposed
convention compliant system of BWM. The system requirements are analogous to the Functional
Requirements of classical AD. The point of difference with the classical concept is in the fact
that these system requirements do not differentiate between true Functional Requirements (tFR),
non-Functional Requirements (nFR) and some Optimisation Criteria (OC) characteristic of
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classical AD. This is because all the interacting elements in the process of managing ballast
water such as software, hardware, environment and liveware are considered to be integral parts
of the BWM system. And also, not all the stakeholder’s needs expressed as system’s
requirements (FRs) of the Convention can be satisfied by physical attributes or hardware. In
classical AD, however, solutions are strictly hardware focused.
In this study, the FRs are satisfied by their correspondent appropriate strategies or
solutions expressed as Design Solutions (DPs). The Design or Ideal Solutions are analogous to
the Design Parameters of classical AD. DPs, therefore, are the solutions or responses to the
system's needs as expressed in the convention and transformed to FRs.
The stakeholders (customers in classical AD) are referred to in the preamble to
the BWM Convention as “parties” to the convention. It is the stakeholders' needs expressed in
the convention that is transformed into system requirements or FRs that can be satisfied in the
Solution Domain (analogous to the physical domain in classical AD). The domain is referred to
as Solution Domain rather than Physical Domain in this study (Figure 1). This is because not all
the solutions can be physically represented in the form of hardware or physical design attributes
as is the case in classical AD. Some of the solutions could be software (regulation or procedure
based), hardware (e.g. physical equipment based), liveware (human actions or training based) or
even environment (onshore, offshore, etc) based.
The design domains in this study are Regulations, Activities and Solutions domains.
These are analogous to classical ADs Customer, Functional and Physical domains respectively.
The domains on the right are the solutions to the needs expressed in the domains on the left. The
IMO regulations that need to be satisfied by a BWM system are expressed in the Regulations
Domain. These regulations express the needs of the parties to the convention or stakeholders.

9
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These needs in the Regulations Domain are now transformed into system's requirements (FRs) in
the form of expected actions to be performed by the system in the Activity Domain. The FRs are
further mapped into the strategies for satisfying them in the Solution Domain referred to as the
Design Solutions (DP) (Figure 1).

Figure 1: The Design Domains of Modified Axiomatic Design
In a typical BWM system, therefore, there is a unique SHEL interaction between the
systems elements in attaining the objective of the convention. The software (e.g. regulations,
policies, standards etc), hardware (like filtration units, biocides injection pumps, UV unit etc),
operation environment (like offshore, onshore, bad weather etc), and liveware (like system
operators, port and flag state control authorities etc) are all interacting to attain the objective of a
convention compliant BWM system, which is to stop the transfer of or removal of HAOP from
ballast water. The conceptual design solution for an appropriate BWM System has five first level
decomposition components. The components are safety, environmental acceptability,
practicability, biological and cost effectiveness (SEPBiC) as stipulated in Regulation D-5.2.
3.2 Zigzagging and Decomposition
At the highest level of the system design for convention compliant BWM, the goal (top
level FR) of the BWM Convention is to remove HAOP from discharged ballast water. This goal
(i.e.FR0) can be satisfied by a BWM System which is the top level Design Solution (DP0). DP0
(i.e. appropriate BWM system) with respect to removal of HAOP from Ballast Water is not
10
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implementable and needs, therefore, to be decomposed to its lower implementable design detail
in order to satisfy FR0. This is decomposed by zigzagging between the FRs and DPs or DPs at a
higher level and those at a lower level as depicted in Figure 2 until it reaches the leaf DP where
the design is not implementable and cannot be decomposed further. The process of
decomposition with respect to the appropriate BWM System design shall be discussed and
applied subsequently in the sections to follow.

Figure 2: Decomposition and Zigzagging in Axiomatic Design
3.3 Theory of Inventive Problem Solving (TRIZ)
The Theory of Inventive Problem Solving (TRIZ) proposed by Russian inventor
Altshuller is based on the analysis of about 2 million patent from around the world. It enhances a
designer’s capacity for problem analysis and creative solution search. From the description of
these patented inventions, Altshuller was able to develop the Laws of Technological System
Evolution from the most effective solutions obtained from a worldwide database of patents.
Substance field method otherwise referred to as Sufield is a concept of TRIZ based on the triad
system of minimal technology, where object-tool-energy interaction is analysed. In order to
improve the effectiveness and efficiency of a design, critical couplings in the design matrix need
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to be identified. Sufield-AHP analysis can be used to both analysed and quantify the identified
couplings in the AD design matrix.
In this study, the unexpected interactions between DPs and FRs are first of all identified,
clarified and the field effects of the different interactions are then estimated by Sufield analysis
with the help of BWM Systems’ expert knowledge of 5 experts (2 captains, 1 chief engineer and
2 chief mates).

4. Application of Methodology
4.1 Construction of Design Matrix
4.1.1 Modified Independence Axiom in BWM Convention Compliance
Using the modified principles of AD's Independence Axiom, the core essence of the goal
of BWM as enunciated in the BWM Convention is "to prevent, minimise and ultimately
eliminate the transfer of Harmful Aquatic Organisms and Pathogens (HAOP) via vessels' ballast
water and sediments". Both FR and DP act as vectors in a design matrix which describes their
relationship in a mathematical equation.
The FR-DP mapping resulted in a design matrix of the form;

where A0 is the design matrix and both FR0 and DP0 are design vectors.
There are three kinds of design matrix A0: Uncoupled (Equation 6), Decoupled (Equation
7 and 8) and Coupled (Equation 9) designs. The best design in terms of quality, robustness, and
efficiency is an uncoupled design.

(6)
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Uncoupled Design (a diagonal matrix)
(7)
Decoupled Design (a triangular matrix)
(8)
Decoupled Design (a triangular matrix)
(9)
Coupled Design (a full matrix)
A decoupled design is also an acceptable design but lacks the robustness and simplicity
of an uncoupled design. A coupled design is not an acceptable design because it violates the
basic requirement of the Independence Axiom which is the “maintenance of the independence of
the FRs”.
4.1.2 The BWM Convention as Design Guide
Article 1.8 of the BWM Convention states that “HAOP…if introduced into the sea…
may create hazards to the environment, human health, property or resources, impair biological
diversity or interfere with other legitimate uses of such areas”. The removal of HAOP, therefore,
can be achieved by means of BWM, which is a “…process(es) ... to remove, render harmless, or
avoid the uptake or discharge of Harmful Aquatic Organisms and Pathogens within Ballast
Water…” (Article 1.3). BWM therefore, according to the preamble of the Convention, can help
in the achievement of the objectives or the desires of the parties to the Convention, which is
“…to continue the development of safer and more effective BWM options that will result in
continued prevention, minimization and ultimate elimination of the transfer of Harmful Aquatic
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Organisms and Pathogens (HAOP)”. Also, the parties in the preamble considered the Convention
as the “best” means of achieving these “objectives”.
In view of that, therefore, this study reviewed the 22 Articles, the 5 sections, and their 24
Regulations as well as the two Annexes of the Convention for guidance in the selection of the
minimal set of independent requirements that will form the functional needs of a conceptual ideal
BWM System. Sixteen (16) functional needs or Systems Requirements (FRs) for the appropriate
BWM System were identified from the Convention’s Articles and Regulations, and their
corresponding DPs were proposed and assigned (Tables 1 to 9). In the FR0/DP0 interaction, DP0
is not implementable; decomposing this interaction will, therefore, require an understanding of
the different components of an appropriate BWM System. An appropriate BWM System
according to Regulation D-5.2 must be safe, environmentally acceptable, practicable, biological
and cost effective.
4.1.3 Design Constraints of the Conceptual System of BWM
Based on the modified AD principles, successful designs as a requisite should have FRs,
constraints, and DPs. The constraints are the design limitations to guide the designer in achieving
the ultimate goal of the design process. The constraints of the proposed design are:
1) The appropriate method should be either shipboard or onshore based. This is because the
solution space for the appropriate BWM System is either onboard the ship or onshore.
2) There are four major concepts of ballast water management. The concepts are BWE,
Shipboard BW Treatment, Post-loading Onshore BW Treatment and Pre-loading
Onshore BW Treatment Systems.
3) The appropriate method should be evaluated on the basis of the convention’s SEPBiC
criteria (Regulation D-5.2).
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4) The appropriate method should comply with the provisions of the BWM Convention. The
BWM Convention shall serve as the primary guide to the development of the FRs for the
conceptual BWM System design.
5) Axiomatic Design axioms, related design theorems, and corollaries shall also serve as
guides in the design process.
4.1.4 System Requirements and Design Solutions
The needs of the IMO based on the requirements expressed in the Convention can be
summarised as ‘the removal of HAOP from discharged ballast water without creating more harm
than they solve through cost effective means’. The modified AD principle (where all the
interacting SHEL elements in the system are factored in the solution quest) shall be used in this
study to develop the system requirements for the ideal solution using the convention as a guide.
The eventual conceptual system designed should be able to address the transfer of HAOP via
ships ballast water (Table 1) by assigning the appropriate corresponding solutions (DPs) for each
of the identified requirements (FRs).

4.1.4.1 FR0/DP0- Top Level System Requirement and Design Solution
Table 1: Top level FR/DP for the appropriate BWMM
System Requirements (FRs)
FR0 Remove HAOP from ballast water

Design Solutions (DPs)
The Ideal BWM System

DP0

(Article 1.3)

(10)
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The ideal conceptual system is a complex system represented by the design Equation 10,
and it has a number of subsystems when decomposed to an implementable level. The IMO
SEPBiC criteria following the zigzagging and decomposition of FR0/DP0 formed the first level
decomposition of FRs of a conceptual appropriate system of BWM based on the Convention as
shown in Table 2. They are the logical implementable components of an appropriate BWM
System.
Table 2: Water/Appropriate BWM Decomposition of FR0/DP0-Remove HAOP from Ballast
System
System Requirements (FRs)

Design Solutions (DPs)

FR1 Operate system safely (safe)- Regulation Safety training of personnel on
D-5.2.1

DP1

vessel and port retrofitting
operations (SWRCB, 2002) and
regular safety drills on method (an
L-S Interaction).

FR2 Discharge ballast water in

Pre-discharge ballast water

an environmentally acceptable manner-

management (Article 1.3) (H-E

Regulation D-5.2.2.

Interaction).

FR3 Provide a practical system of BWM

Robust, efficient and easy to use

(practicable) (Regulation D-5.2.3)

DP2

DP3

system (Convention Preamble) (HL Interaction)

FR4 Remove HAOP from BW in

Mechanical, chemical and physical

a biologically effective way (Regulation

treatments (Article 1.3). (H-L

D-5.2.5).

Interaction)
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DP4

FR5 Provide a cost effective treatment of

Affordable and effective system (S- DP5

ship’s ballast water (Regulation D-5.2.4)

E Interaction)

The design equation representing the relationship between the first level FRs and the
correspondent DPs from the Table 2 is a coupled design as shown in Equation 11.

(11)

In the matrix in Equation 11 and subsequent ones, the letter ‘X’ is used to express the
expected interaction between DPs and FRs, ‘x’ represent unexpected interactions, while ‘0’
represent the absence of any interaction or impact.

4.1.4.2 FR1/DP1- Safety of Personnel and Ship/Personnel Training and Drills
Table 3: Decomposition of FR1/DP1 (Safety of personnel and ship/ Training and drills)
System Requirements (Safety)

Design Solutions (Training)

FR11 Discharge treated ballast water without

Training on IMDG code classes,

causing more harm than it prevents.

chemical handling (MSDS),

Comply with Article 2.6; 2.7;

GESAMP hazard evaluation

Regulation D-3.3.

procedure for chemical

DP11

substances and IMO BWM
Guidelines documents
FR12 Dispose of sediments safely without

Training on discharge Standards

damage to human health. Comply with

(local laws)
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DP12

Article 5.1.
FR13 Provide simplified safety procedures

Training and drills on system's

and detail description of actions for

DP13

specific safety procedure

personnel. Comply with Regulation B1.1; B-1.2.
FR14 Operate system safely in adverse

Training on method’s operation

weather conditions, in the case of

in different simulated weather

equipment failure or any extraordinary

conditions and other

condition. Comply with Regulation B-

extraordinary conditions like

4.4; Regulation D-3.3.

equipment failure.

DP14

The design equation at this level (Table 3) is also a coupled design as shown in Equation 12.

(12)

Figure 3: Layout of a Typical Shipboard Ballast Water Treatment Process showing Ballast
Pump, Filtration and Treatment Units
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4.1.4.3 FR2/DP2 Environmental Acceptability /Treatment before Discharge
The treated ballast water discharged by an appropriate BWM System is expected by the
BWM Convention to be environmentally acceptable. This is the second criterion for an ideal or
appropriate system. The process by which this criterion can be satisfied is by ensuring that only
ballast water treated to Regulation D-2 standard is discharged into the sea. The discharged
treated ballast water should satisfy the following environmental requirements of the Convention
(Table 4):
Table 4: Decomposition of FR2/DP2- (Environmental Acceptability/Treatment before
Discharge)
System Requirements (Env. Accept)

Design Solutions (Prior
Treatment)

FR21 Address threats to biodiversity,

Multi-stage treatment (Figure 3

sensitive, vulnerable and threatened

and Figure 4) with regards to

marine systems. Compliant with

BWM Convention Reg. D-2;

Articles 2.6; 2.7; 5.1.

local effluent discharge

DP31

standards; PBT (i.e persistence,
bioaccumulation, and toxicity)
criteria of Res. MEPC. 169(57)
or Guidelines G9 section 6.4;
The GESAMP hazard profile,
chapter 4 (GESAMP, 2013).
FR22 Address threats to biodiversity.

Primary (filtration) and

Compliance with Article 2.9..

secondary treatment
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DP32

(disinfection) of ballast water
before discharge (Figure 3 and
Figure 4). Back-flushing in the
PreOBWTS (Figure 4) will
reduce the threat to biodiversity
by retaining organisms that can
not go through the filter in their
native setting.
FR23 Provide algorithm for the disposal of

Sediment disposal management

sediments. Compliant with Regulation

procedure to ensure

B-1.3.

environmentally sound disposal

DP23

of sediments.

(13)

Figure 4: A Representation of the layout of Pre-voyage Onshore Ballast Water Treatment System
(PreOBWTS) with backflush.
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4.1.4.4 FR3/DP3 Practicability /Feasibility and Efficiency
According to the third SEPBiC criteria, an appropriate BWM System should be
practicable and must satisfy the following Convention-based requirements in Table 5 and
Equation 14:
Table 5: Decomposition of FR3/DP3- (Practicability/ Feasibility & Efficiency)
System Requirements

Design Solutions (Feasibility, and

(Practicability)

Efficiency)

FR31 Expedite BWM processes without

Treatment system (Figure 3 &

compromising ship’s operational

Figure 4) with Treatment Rate

efficiency. Compliant with Articles

Capacity (TRC) ≥300m3h-1

5.1; 7.2; 12.1; Regulation B-5.2.

(corresponding with average

DP31

expected deballasting of a Ro-Ro
Ship per call)
FR32 Prevent the uptake of BW with HAOP.
Compliant with Article 2.8.

Pre-voyage upload of treated

DP32

harbour water to ship ballast water
tanks using barge or shore-based
system (Figure 4 and Figure 5).

FR33 Develop BWM requirements

System’s operation manual for

implementation algorithm. Compliant

operators from

with Regulation B-1.2.

vendors/manufacturers of the

DP33

system.
FR34 Develop duty algorithm for operators.

Daily toolbox meeting

Compliant with Regulation B-6.
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DP34

=

(14)

Figure 5: A Representation of Pre-voyage Onshore Ballast Water Treatment System
(PreOBWTS) showing (a) Shore-based and (b) Barge-based systems.
4.1.4.5 FR4/DP4 Biol. Effect. /Mechanical, Chemical, and Physical Treatment
An appropriate BWM System should be biologically effective in managing ballast water
and this can be achieved by any of or a combination of Mechanical, Chemical, and Physical
Treatment as the DP (Table 6).
The two FRs at this level were:
Table 6: Decomposition of FR4/DP4- (Biol. Effect)/ Mech., Chem., & Phys. Treatment)
System Requirements (Biol. Effect)

Design Solutions (Treatment)

FR41 Remove zooplankton or phytoplankton

Filtration unit (Figure 6) & Biocide

to Regulation D-2.1 numerical

Injection Pump for Zooplankton

standard.

and Phytoplankton size organisms’
treatment.
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DP41

FR42 Remove human pathogens to

Disinfection system (Figure 3):

DP42

Regulation D-2.2 human health

biocides or UV irradiation unit or

standard.

both.

=

(15)

However, DP41 has to be decomposed further to be implementable. It is decomposed
further into FR411 and FR412. The appropriate DPs were also assigned to both FRs (Table 7). A
coupled design results (Equation 16).

Figure 6: A Typical Filtration System
Table 7: Decomposition of FR41/DP41- (Numerical and Human Health Standard/ Filtration &
Disinfection)
System Requirements

Design Solutions

FR411 Remove pathogenic organisms to less

Filtration Unit with filter mesh

than 10 viable organisms/m3 of

size ≤150µm (Figure 6) (SWRCB,

≥50µm. Compliant with Regulation

2002).

D-2.1
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DP411

FR412 Remove pathogenic organisms to less

Filtration and Disinfection Units:

than 10 viable organisms/ml of 50µm

Filtration with filter mesh size of

≥10µm. Compliant with Regulation

≤50µm (Figure 6)

D-2.1.

Disinfection- Biocide (Chemical

DP412

Injection pump)- Effective
Treatment Dose or ETD = 1-2
gallons per MT of BW of
seakleen as an example)
(SWRCB, 2002).
FR421 Remove toxigenic Vibrio cholerae to

Disinfection System (Figure 3):

< 1 cfu /100ml or < 1 cfu/ grams

(Biocides or UV irradiation units

(ww) zooplankton samples; E. coil <

or both)

250 cfu /100ml; Intestinal

-Biocides (Chemical Injection

Enterococci <100 cfu/100ml.

Pump): ETD = 1-2 gallons per

Compliant with Regulation D-2.2.1;

MT of BW of seakleen

D-2.2.2; and D-2.2.3.

-UV irradiation: LP mercury arc

DP421

lamp (Figure 7): Range = UV-C
=253nm (germicidal range <
280nm); ETD=20 mWcm-2S1

=

(SWRCB, 2002).

(16)
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The complete design matrix for the numerical performance standard is also a partially coupled
design (Equation 17)
(17)

Figure 7: A Typical UV Irradiation Treatment System
4.1.4.6 FR5/DP5 Cost Effectiveness /Appropriate Cost of Treated Ballast Water
An appropriate BWM System should have the right cost of treatment per quantity of
ballast water. There is no mention of cost in the BWM Convention except in regulation D-5.2.4,
where ‘cost effectiveness’ was stated as an evaluation criterion for an appropriate BWM System.
However, the logical cost structure for a BWM System should be three-fold; Cost of Investment
(CAPEX), Cost of Treated Ballast Water and Operation Cost (OPEX). The operational cost was
not included in the evaluation process because of the likely regional variability that could exist
due to personnel cost. For example, an economic analysis by COWI (2012), showed that the
fixed operating cost for BWM System in England, Holland, and Germany is 20% lower than in
Denmark due to personnel cost. Therefore, the ‘cost effectiveness’ of BWM Systems shall be
evaluated on the basis of only the Cost of Investment (CAPEX) and Cost of Treated Ballast
Water.
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Satisfying the need for both an appropriate cost of treated water and investment cost,
therefore, can be effectively satisfied by DP51 and DP52 respectively (Table 8 and Equation 18).
Table 8: Decomposition of FR5/DP5- (Cost Effectiveness/Appropriate Cost of Treated BW)
System Requirements

Design Solutions

FR51 Determine appropriate cost of treated

Appropriate cost of treated ballast

ballast water per volume

DP51

water per volume:
-Shipboard ≤ $4 per tonne (m3)
-Onshore < $4 per ton (COWI, 2012).

FR52 Determine appropriate investment cost per
method (not above average market value)

Investment cost per unit method:

DP52

-Shipboard Treatment Plant <$2m
-Onshore Mobile Unit ≤ $ 1.5m (ocean
Guard)
-Onshore Fixed Treatment Plant < $3m
(L.A). Piping & Storage tank cost
depends on port size and location)
Example: In Los Angeles (pipes
=$34m; storage tank=$26m) and in
Redwood city (pipes=$2m; storage
tank= $5.5m) (COWI, 2012).

(18)
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Figure 8: DP/FR Interaction full design matrix for conceptual BWM system
4.2 TRIZ-Coupling Analysis
Assessing the couplings in the different components of the conceptual design on face
value does not present an accurate coupling reality. Safety and practicability, for example, are
the most coupled aspects of the design with a total of 12 couplings each from Figure 8 and
Figure 9. Because this kind of assessment does not express the true reality of the couplings, the
Sufield technique is therefore introduced to provide a more accurate coupling measurement and
its impact on the DPs. Using Table 9, the couplings in Equations 12, 13, 14 and 17 representing
safety, environmental acceptability, practicability and biological effectiveness are analysed. It
should be noted that only the unexpected interactions ‘x’ are considered in the coupling analysis.
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Figure 9: Conceptual BWM system design matrix couplings
4.2.1 Coupling Analysis Algorithm- Su-field and AHP
The couplings within the design matrix are expressed in a binary format of ‘X’ or ‘0’
(Equations 5-18). The exact or relative coupling strengths of the various solutions (DPs) are not
clearly expressed. This is not sufficient to assess the design couplings with respect to
determining and prioritising the areas of the design that should be enhanced in order to improve
its efficiency and effectiveness. Saaty’s AHP (Saaty, 2001), a standard scale system of coupling
analysis in Table 9 adapted from Fei et al. (2007) shall be used in this study to determine each
DPs relative importance within the design matrix (Figure 10) using the following algorithm:

Figure 10: Sufield analysis of biological effectiveness
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4.2.1.1 Relative coupling importance

.

The relative coupling importance of each design element (DP) shows how a DP
influences other DPs through its field and functional importance. The coupling importance can
be determined by firstly calculating the relative functional importance

of each design element

through pair-wise comparison using Saaty’s Analytic Hierarchy Process (AHP) (Saaty, 2001). A
relative comparison table for comparing the design solutions is given in Table 9. The eigenvalue
of each DP obtained in the process provides the relative functional importance of the DPs. The
coupling importance

is given by:
(19)

where
and

is the force or field from a DP which influences other DPs (Figure 10 and Figure 11),
is the functional importance of each DP. Subscripts h and k represent the identities of the

DPs and the fields or forces acting on the DP respectively.
The normalised coupling importance

can be calculated by;

=

(20)

L represents the number of leaf or child DPs of a parent DP and l is the identity of the child DP.

Figure 11: Example of sufield analysis for leaf elements of DP2, DP3 & DP4
Table 9: Coupling analysis scale system and relative comparison table
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Coupling

Relative

Analysis Scale

Comparison

System (Fei et

Table

al., 2007)

(Saaty, 2001)

Coupling

Description of coupling

Intensity of

strengths

strengths

importance

Definition

9

Necessity of function

1

Equal Importance

7

Extreme performance

3

Moderate Importance

5

Strong Importance

7

Very Strong Importance

9

Extreme Importance

improvement
5

Significant performance
improvement

3

Moderate performance
improvement

1

Slight performance
promotion

0

No effect

2,4,6,8

For compromise between
the above values

-1

Slight performance

Reciprocals of If activity 1 has one of

reduction

above

the above non-zero
numbers assigned to it
when compared with
activity j, then j has the
reciprocal value when
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compared with i.
Moderate performance

-3

1.1-1.9

For tied activities

reduction
Significant performance

-5

reduction
Extreme performance

-7

reduction
Function damaged

-9

4.2.1.2 Coupling strengths
Coupling strength Cl

of a DP is the product of its relative functional importance,

its influence on other DPs and the root of the sum of the squares of the positive and negative
fields acting on it. cp and cn are the aggregative values of the positive and negative fields
respectively acting on a DP. Both are presented in Equations 21 and 22 as:

where i

{0,…,p}, j

= . .

(21)

= .

(22)

{0,…,q}, p+q=n.

f represents p or q number of positive or negative fields or influences on couplings respectively.
ct is the total sum of both the positive and negative fields and is given as:
(23)
The parent DPs have the following positive, negative and total coupling strengths:
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=

(24)

=

(25)

(26)
The relative coupling strength

of parent DPs is given by Equation 27

(27)

=

4.2.1.3 Critical coupling paths
The critical coupling path is ultimately determined from the results of the coupling
strengths. The path for the greatest performance enhancement is ranking the DPs starting with
the DP with the greatest coupling strength in that order of magnitude.
4.2.2 Numerical Computations
In determining the coupling importance of the DPs, Equations 19 and 20 were used and
the result is provided in Table 10, Table 11, and Table 12:
Table 10: Relative functional importance for environmental acceptability coupled leaf DPs
DP21

DP22

DP23

Functional
Importance

DP21

1.00

0.50

5.00

0.30

DP22

2.00

1.00

7.00

0.60

DP23

0.20

0.14

1.00

0.10
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Table 11: Relative functional importance of all coupled leaf DPs
Safety

Environ.

Practicability

Biological

accept.

effect.

DP11

0.35

DP21 0.30

DP31 0.04

DP411

0.58

DP12

0.11

DP22 0.60

DP32 0.17

DP412

0.30

DP13

0.28

DP23 0.10

DP33 0.43

DP421

0.12

DP14

0.26

DP34 0.36

Table 12: Relative coupling importance of leaf DPs
Safety

Environ.

Practicability

Biological

Accept.

effect.

DP11

0.519

DP21 0.319

DP31 0.023

DP411

0.257

DP12

0.072

DP22 0.638

DP32 0.096

DP412

0.531

DP13

0.323

DP23 0.043

DP33 0.406

DP421

0.212

DP14

0.056

DP34 0.475

The coupling strength was calculated using Equations 21, 22, 23, 24, 24, 26, 27 and 28 to
obtain the following results in Table 13.
Table 13: Computed coupling strength of design elements
Safety

Environ.

Practicability

Accept.

Biological
Effect.

Positive
Couplings
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DP11

0.792

DP21 0.488

DP31 0.0013

DP411 0.632

DP12

0.040

DP22 1.952

DP32 0.0710

DP412 0.812

DP13

0.394

DP23 0.000

DP33 0.5240

DP421 0.130

DP14

0.046

DP34 0.5130

Negative
Couplings
DP11

0.000

DP21 0.000

DP31 0.0028

DP411 0.000

DP12

0.000

DP22 0.000

DP32 0.0000

DP412 0.000

DP13

0.000

DP23 0.000

DP33 0.0000

DP421 0.000

DP14

0.000

Total

0.886

2.012

0.737

1.634

0.168

0.382

0.140

0.310

DP34 0.0000

Couplings
Relative
Coupling
Strengths

The coupling paths for design performance improvement can be determined from the
coupling strengths of the parent coupled DPs ranked in order of importance. This is presented in
Table 13 as:
DP2= 2.012 (Environmental acceptability), DP4= 1.634 (Biological effectiveness), DP1=0.886
(Safety), and DP3= 0.737 (Practicability). DP2 (Environmental acceptability) and DP4
(Biological effectiveness) in that order are the most coupled components of the system. Attention
should, therefore, be prioritised in that order on these areas in terms of allocation of resources
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and search for innovative solutions. The cost component of the BWM System design was not
considered in the analysis because it is not coupled (Equation 18).

5. Discussion
From the results obtained, the greatest attention should be given to DP22 (primary and
secondary treatment of ballast water before discharge) especially as the most coupled component
within its parent component (Environmental acceptability). Resources in the form of finances
and innovative solutions search should be prioritised to modifying or changing DP22. Resolving
this coupling problem will have the greatest single impact on the performance of the BWM
System. The function to be satisfied is FR22 which corresponds with Article 2.9 (Address threats
to biodiversity). DP22 should, therefore, either be completely changed or modified to satisfy the
function in FR22. The next most coupled parameters that will need modifications are DP412
(Filtration and disinfection units), DP11 (Training on active substance handling) and
DP411(Filtration unit) in that order. From the relative coupling strength (Table 13),
environmental acceptability constitutes 38% of the entire coupling strength size in the BWM
System. The couplings with respect to biological effectiveness at 31% represent the second most
coupled parent DP.
One of the major issues raised regarding type-approved BWM System at IMO’s MEPC
recent meetings is the failure of most of the systems to meet the D-2 standard requirements
which are related to DP411 and DP412.

6. Conclusion
In this study, while AD principle was used to construct the design matrix of a regulationbased system of BWM and to analyse the functional dependencies of the DPs, Sufield model was
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used to analyse the existing coupling relationships between the DPs by clarifying the effects and
the interactions between them. A design enhancement pathway was determined by ranking the
coupling strengths of the different DPs.
With respect to the allocation of resources, the most ranked DPs should attract the most
attention of various R and D departments as well as funding. This is because they have the
greatest influence on the performance of the conceptual design of the BWM System as shown by
their relative coupling strengths ranking. In conclusion, more attention should, therefore, be
prioritised by the designers of this BWM System and the stakeholders to improving the
environmental acceptability and the biological effectiveness of the system in that order than any
other aspect of the BWM System design.
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APPENDIX 3: COPIES OF QUESTIONNAIRES
3.1: Questionnaire for Technique Selection

Questionnaire for Technique Selection
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QUESTIONNAIRE 1:
SELECTION OF THE MOST SUITABLE TECHNIQUE FOR BALLAST WATER
MANAGEMENT SYSTEMS EVALUATION

Use Figure 1 and Table 1 to respond to the following question and fill the appropriate column
in Table 2 with your responses:

Figure 1: Hierarchy for evaluation technique selection for Ballast Water Management Method.

Table 1: Definition of Intuitionistic Fuzzy Terms
FUZZY TERMS
INTUITIONISTIC FUZZY NUMBERS
Definitely low (DL)
Very low (VL)
Low (L)
Medium (M)
High (H)
Very high (VH)
Definitely high (DH)
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Question:
Where criteria and alternatives are given as:
Criteria:
C1 Ease of use (familiarity with technique)
C2 Wide applicability in literature .
C3 Technical compliance of the proposed model with the problem nature
C4 Closeness of previous methodologies for similar cases in academic literature
C5 Affordability (additional cost for software requirements)
Alternatives:
A1 Hybrid FMCDM
A2 Hybrid MCDM
A3 Fuzzy AHP
A4 Fuzzy TOPSIS
A5 Fuzzy AD
How do you rate the multi-criteria decision making techniques alternatives with respect to
criteria using the linguistic terms in Table 1?

Table 2
Linguistic Evaluation Information of Alternatives
C1
C2
C3
A1
A2
A3
A4
A5
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C4

C5

3.2: Questionnaire for BWM System Evaluation

Questionnaire for BWM System Evaluation
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CONSENT FORM
BALLAST WATER MANAGEMENT METHODS EVALUATION USING EXTENDED
FUZZY MULTI-CRITERIA DECISION MAKING METHOD
INTRODUCTION
Dear Participant,
My name is LAWRENCE KUROSHI, a PhD candidate at the World Maritime University,
Malmo, Sweden.
I am evaluating four options of ballast water management for appropriateness with respect to
their safety, environmental acceptability, practicability, biological effectiveness and cost
effectiveness (SEPBiC). The data collected shall be used to rank the ballast water management
methods (BWMMs). The BWMMs are Ballast Water Management Exchange (BWE), Shipboard
Ballast Water Treatment, Post-loading Onshore Ballast Water Treatment, and Pre-loading
Onshore Ballast Water Treatment System (PreOBWTS). The outcome of the study shall provide
information about the viability of the different management methods as well as their sensitivity
to some modifications in some of their parameters.
I am requesting for your participation in this research because of your position as an expert on
ballast water management and related policies at the International Maritime Organization (IMO).
I shall be expecting you to provide your linguistic judgments regarding the suitability of the
different options of ballast water management with respect to the SEPBiC criteria. The entire
interview shall take less than twenty minutes.
Your participation is however voluntary. You are therefore not obliged to respond to the
interview and questionnaire as the case may be. I will like to state also, that participation does
not attract any form of remuneration. However, the potential of your response to contribute to the
robustness of the study and the contributions of the eventual outcome to the expansion of the
frontiers of ballast water management research could be far-reaching.
All non-public information shall be kept confidential and only the combined final outcome of the
results will be disclosed, not individual answers. The findings will be made available publicly.
The responses shall also be held securely and destroyed at the end of the project.
The survey has been approved by the Research Ethics Committee of the World Maritime
University. If you are not satisfied with the manner in which this study is being conducted, you
may report (anonymously if you so desire) any complaints to my supervisors, Professors Aykut
Olcer and Olof Linden.
If you require additional information or have questions, please contact me.
Sincerely,

Lawrence Kuroshi
1st February, 2016
"
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Lawrence Kuroshi
+46 761 53 58 47
P1403@wmu.se
Professor Aykut Olcer
+46 40 356377
aio@wmu.se
Professor Olof Linden
+46 40 35 63 30
ol@wmu.se
1)! Do you agree to these terms and would like to participate in this survey?*
( ) Yes
( ) No
PARTICIPANT INFORMATION
This section asks basic questions about the participant.
2)! Name*

3)! Organization*

4)! Position*

5)! Telephone*

6)! Email*

7)! What percent of your work time is dedicated to Ballast Water Management Issues?
Thank you for providing valuable information about yourself!
*Not mandatory
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The following are definitions of important concepts with respect to Ballast Water Management:
DEFINITIONS
1)! Ballast Water Management- According to Article 1.3 “Ballast Water Management
means mechanical, physical, chemical and biological processes, either singularly or in
combination, to remove, render harmless, or avoid the uptake or discharge of Harmful
Aquatic Organisms and Pathogens within Ballast Water and Sediments”.
2)! Ballast Water Exchange (BWE)- It is during this process that vessels replace their
original ballast water taken on board while the vessel is at port or near to the coast, with
open ocean water. The biological rich water that is loaded while a vessel is in port or near
the coast is exchanged with the comparatively species- and nutrient-poor waters of the
mid-ocean.
3)! Shipboard Ballast Water Management means Ballast Water Management onboard a
ship.
4)! Post-loading Onshore Ballast Water Management means Ballast Water Management
onshore after a ship’s voyage.
5)! Pre-loading Onshore Ballast Water Management (PreOBWTS) means Ballast Water
Management onshore before a ship’s voyage. Onshore treated or managed Ballast Water
is loaded as ballast water before ship’s voyage.
6)! Design Range is defined as the tolerance associated with design parameters specified by
the designer. In other words, it is the minimum performance expected from an
appropriate Ballast Water Management Method by the designer.
7)! System Range is the capability of the Ballast Water Management System given in terms
of tolerances. It can also be said to be the assessment or rating of the performance of each
of the Ballast Water Management Options with respect to each of the evaluation criteria.
8)! Linguistic Preferences or Judgments
FUZZY TERMS

INTUITIONISTIC FUZZY NUMBERS
0,0,0.1 ; 0.10, 0.9

Definitely low (DL)
Very low (VL)

0,0.1,0.25 ; 0.25,0.75

Low (L)

0,0.3,0.45 ; 0.40, 0.55

Medium (M)

0.25,0.5,0.65 ; 0.50,0.45

High (H)

0.45,0.7,0.8 ; 0.60,0.30

Very high (VH)

0.55,0.9,0.95 ; 0.75,0.10
0.85,1,1 ; 0.90,0.10

Definitely high (DH)

"
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ADDITIONAL INFORMATION
SAFETY- How safe is the system (concept) with respect to ship, equipment and operators?
ENVIRONMENTAL ACCEPTABILITY – How environmentally acceptable is the concept
especially when active substances are used? How easy is it to neutralize used active substances
in the discharged managed or treated water?
PRACTICABILITY- How practicable is the system with regard to
i) Installation challenges (like power consumption, available space, piping arrangement,
location of chemical tanks)?
ii) Operational challenges (Does method operate in all water types? Tropical, temperate, saline
etc)?
BIOLOGICAL EFFECTIVENESS- How effective is the concept with respect to the
convention’s Performance Standard D-2?
COST EFFECTIVENESS- How effective is the concept with respect to Operational Cost
(OPEX), Capital Expenditure (CAPEX) and Cost of Managed or Treated Water?
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*

PARTICIPANT'S DETAILS
Return to: WORLD MARITIME UNIVERSITY

Last Name

First Name Middle Initial

Organization

FISKEHAMNSGATAN 1
Street

Position

MALMO

SKANE

SE-20124

City

Region

Zip

SWEDEN
Country

Phone

Fax

E-mail

DESIGN RANGE -What in your assessment should be the minimum performance
1. requirement for an Appropriate Ballast Water Management Method ( BWMM ) with
respect to the following Criteria?: (Tick as appropriate)
SAFETY
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)

ENVIRONMENTAL ACCEPTABILITY
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)
PRACTICABILITY
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)
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BIOLOGICAL EFFECTIVENESS
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)

COST EFFECTIVENESS
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)

2.

SYSTEM RANGE - How do you assess the performance of the following Ballast Water
Management Concepts with respect to the different Criteria ?

BALLAST WATER EXCHANGE
SAFETY
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)
ENVIRONMENTAL ACCEPTABILITY
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)
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(Tick as appropriate)

PRACTICABILITY
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)
BIOLOGICAL EFFECTIVENESS
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)
COST EFFECTIVENESS
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)

SHIP BOARD BALLAST WATER MANAGEMENT
SAFETY
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)
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ENVIRONMENTAL ACCEPTABILITY
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)
PRACTICABILITY
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)
BIOLOGICAL EFFECTIVENESS
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)
COST EFFECTIVENESS
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)
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PRE-LOADING ONSHORE BALLAST WATER MANAGEMENT (PreOBWTS)
SAFETY
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)
ENVIRONMENTAL ACCEPTABILITY
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)
PRACTICABILITY
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)
BIOLOGICAL EFFECTIVENESS
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)
COST EFFECTIVENESS
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
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High (H)
Very High ( VH)
Definitely High ( DH)

POST-LOADING ONSHORE BALLAST WATER MANAGEMENT
SAFETY
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)
ENVIRONMENTAL ACCEPTABILITY
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)
PRACTICABILITY
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)
BIOLOGICAL EFFECTIVENESS
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)
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COST EFFECTIVENESS
Definitely Low (DL)
Very Low ( VL)
Low (L)
Medium (M)
High (H)
Very High ( VH)
Definitely High ( DH)

*Respondents are not under any obligation to provide personal details
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3.3: Questionnaire for BWM System Performance Enhancement using Sufield
Model

Questionnaire for BWM System Performance Enhancement
using Sufield Model
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QUESTIONNAIRE 3:
BALLAST WATER MANAGEMENT SYSTEM PERFORMANCE ANALYSIS USING SUFIELD
TECHNIQUE

Use Figure 1 and Table 1 to respond to the following questions in the appropriate Tables:

Figure 1: Sufield analysis for leaf elements of DPs.
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Table 1: Coupling analysis scale system and relative comparison table
Coupling
Relative
Analysis Scale
Comparison
System (Fei et
Table
al., 2007)
(Saaty, 2001)
Coupling
Description of coupling Intensity of
Definition
strengths
strengths
importance
Necessity of function
Equal Importance
9
1
Extreme performance
Moderate Importance
7
3
improvement
Significant performance
Strong Importance
5
5
improvement
Moderate performance
Very Strong Importance
3
7
improvement
Slight performance
Extreme Importance
1
9
promotion
No effect
For compromise between the
0
2,4,6,8
above values
Slight performance
-1
Reciprocals of If activity I has one of the
reduction
above non-zero numbers
above
assigned to it when
compared with activity j,
then j has the reciprocal
value when compared with i.
Moderate performance
For tied activities
-3
1.1-1.9
reduction
Significant performance
-5
reduction
Extreme performance
-7
reduction
Function damaged
-9

1) Functional Importance ( ) - What is the functional importance of each DP with respect
to the other DPs?
Table 2: Relative functional importance for each criteria coupled leaf DPs
DP21
DP22
DP23
DP21
DP22
DP23
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Functional
Importance

2) Coupling Importance ( ) - What is the influence of primary DP on the other DPs?
Table 3: Relative coupling importance of leaf DPs
Safety
Environmental
Practicability
acceptability
DP11
DP21
DP31
DP12
DP22
DP32
DP13
DP23
DP33
DP14
DP34

Biological
effectiveness
DP411
DP412
DP421

3) Coupling Strength (Ct) - What is the aggregate of the effects (positive and negative) of
other DPs on the primary DP?
Table 4: Computed coupling strength of design elements
Safety
Environmental
Practicability
acceptability
Positive
Couplings
DP11
DP21
DP31
DP12
DP22
DP32
DP13
DP23
DP33
DP14
DP34
Negative
Couplings
DP11
DP21
DP31
DP12
DP22
DP32
DP13
DP23
DP33
DP14
DP34
Total
Couplings
Relative
Coupling
Strengths
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Biological
effectiveness
DP411
DP412
DP421

DP411
DP412
DP421

3.4: Questionnaire for Evaluation of Human Factors in BWM System
Operations

Questionnaire for Evaluation of Human Factors in BWM
System Operations
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QUESTIONNAIRE 4:
HUMAN FACTOR ANALYSIS OF BALLAST WATER MANAGEMENT OPERATIONS USING
RADIAL DYNAMICS MODEL (RDM)

1) What is the relative importance of each of the following human factors over each other in
Ballast Water Management Operations?
i) Fatigue
ii) Complex automation
iii) Cultural diversity
iv) Teamwork
v) Manning
vi) Communication
vii) Training
Please use Figure 1, Tables 2 & 3 to fill Table 1
Table1: HF Pair-wise Comparison Table using Equation 4.1

HF1

HF2

HF3

Fatigue (HF1)
Complex
Automation
(HF2)
Cultural
Diversity (HF3)
Teamwork
(HF4)
Manning (HF5)
Communication
(HF6)
Training (HF7)
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HF4

HF5

HF6

HF7

Figure 1: Radial Dynamics Model of Human-Machine Interaction (HMI) in BWM Operations

Table 2: Relative Comparison Table

Relative Comparison Table (Saaty, 1980; 2010)
Intensity of importance
Definition
Equal Importance
1
Moderate Importance
3
Strong Importance
5
Very Strong Importance
7
Extreme Importance
9
For compromise between the above values
2,4,6,8
If activity I has one of the above non-zero numbers
Reciprocals of above
assigned to it when compared with activity j, then j
has the reciprocal value when compared with i.
For tied activities
1.1-1.9
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Table 3: Identity of Interacting Elements in a Typical BWM Operations

S/N SHELL

SHIPBOARD BWMS

ONSHORE BWMS

ELEMENTS
1

E

Shipboard environment

Onshore environment

2

L1

Ship Captain

BWM Operator

3

L2

Ship Crew

Ship Crew

4

L3

Flag State Control (FSC)

Local Environmental Authority
(LEA)

5

L4

Port State Control (PSC)

Port State Control (PSC)

6

S1

Ship captain’s training and job BWM Operator’s training and
description with respect to BWM job description with respect to
operations

7

S2

BWM operations

Ship crew’s training and job Ship crew’s training and job
description with respect to BWM description
operations

8

S3

FSC’s

S4

job

PSC’s

description

training

and

respect to BWM operation
job PSC’s

operation
S5

Specific

training

instructions

or

operators

(Captain

12

S6
S8

Information

job

respect

to

Local regulations with respect

regarding

managed

ballast

water

and discharge (effluent discharge

crew) regarding BWM.
11

with

and

BWM operation

procedures from Flag State to to
ship

to

with LEA’s job description with

description with respect to BWM description
10

respect

BWM operations

respect to BWM operation
9

with

standards)
ship Information regarding onshore

BWM operations.

BWM operations.

BWM Convention requirements

BWM

Convention

requirements.
13

H2

Ship ballast water sampling tank

Onshore

BWM

reception

facility
14

H3

Shipboard BWM System
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Onshore BWM System for port

Table 4: Interaction Importance Scale System and HF Impact Rating Table

(a) Interaction Importance Scale System
Interaction
Importance of
Importance
Interactions to System
Rating Score
Performance
Essential for BWM
9
System Operations
Extremely Important
7
Significantly Important
5
Moderately Important
3
Slightly Important
1
No effect
0

(b) HF Impact Rating
Impact
Impact
Score
7

Extremely impactful

5
3
1
0
2,4,6

Significantly impactful
Moderately impactful
Slightly impactful
No impact
For compromise between
the above values

2) How important to BWM operations are the Human-Machine Interactions (HMIs) with
respect to the following non-human elements (in red):
Please use Figure 1 and Tables 3 & 4a to respond and fill Table 5
Table 5: Relative Weights of Non-Human Element (α) in the BWM Operations

R1

R2

R3

R4

R5

R6

Weights (

Figure 2: Radial Dynamics Model for HF Impact with respect to Shipboard BWM System (H3)

3) With respect to BWM System performance, how do you rate the impact of human factor
(e.g. fatigue) on the interactions of L1, L2, L3 and L4 with shipboard BWM System
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shown in Figure 2? The interactions are L1-H3, L2-H3, L3-H3, and L4-H3 for fatigue
(Figure 2).
Please use Figure 1 and Tables 3 & 4b to respond and fill Table 6
Table 6: Relative Impact of HFs on Shipboard BWM System

R1

R2

R3

R4

R5

R6

Fatigue (HF1)
Complex
Automation
(HF2)
Cultural
Diversity (HF3)
Teamwork
(HF4)
Manning (HF5)
Communication
(HF6)
Training (HF7)

Table 6: Relative Impact of HFs on Onshore BWM System

R1

R2

R3

Fatigue (HF1)
Complex
Automation
(HF2)
Cultural
Diversity (HF3)
Teamwork
(HF4)
Manning (HF5)
Communication
(HF6)
Training (HF7)
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R4

R5

R6

APPENDIX 4: GLOSSARY
Active
Substance

A substance or organism, including a virus or a fungus that has a general
or specific action on or against harmful aquatic organisms and
pathogens (IMO, 2008a).

Ballast

Any solid or liquid weight placed in a ship to increase the draft, to
change the trim, or to regulate the stability (NRC, 1996).

Ballast Water

Is water with its suspended matter taken onboard a ship to control trim,
list, draught, stability or stresses of the ship.

Ballast tank

A water tight enclosure that may be used to carry liquid ballast (NRC,
1996).

Ballast Water
Management
Convention

It is an international framework in which all ships on international
traffic are required to manage their ballast water and sediments to a
certain standard according to the specific ship’s ballast water
management plan.

Ballast Water
Management
System

Any system which processes ballast water such that it meets or exceeds
the ballast water performance standard. This system includes ballast
water treatment equipment, all associated control equipment,
monitoring equipment and sampling facilities and procedures.

Basic approval

It means the approval of Active Substances or Preparations used in
prototype tests or Type Approval tests in accordance with their usage.

Biodiversity

The variety of different types of organisms living in each area (NRC,
1996).

Biological means the variability among living organisms from all sources including, inter
Diversity
alia, terrestrial, marine and other aquatic ecosystems and the ecological
complexes of which they are part; this includes diversity within species,
between species and of ecosystems (United Nations, 1992b).
Bow

The forward end of a vessel (NRC,1996).

De-ballasting

The releasing ballast by gravity or pumping from a vessel

Early movers

Refer to ship-owners that have already installed type-approved ballast
water management systems prior to the review of G8 Guidelines.

Euryhaline
species

They are organisms able to tolerate a wide range of salinities (IMO,
2007).
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Euryhaline
species

They are organisms able to tolerate a wide range of salinities (IMO,
2007).

Eurythermal

They are organisms able to tolerate a wide range of temperatures (IMO,
2007).

Final Approval

It means the approval of a ballast water management system using an
Active Substance or Preparation to comply with the convention and
includes a review of the Type Approval tests in accordance with
Guidelines for approval of ballast water management systems (G8).
They are goods to be transported in a mixture of forms, but usually
packaged in some way other than container boxes (NRC, 1996).

General Cargo
Grandfathering
Concept

This is the clause for acceptability or exemption from penalty placed on
ships that have installed first generation type approved ballast water
management systems in good faith prior to the BWM Convention’s
entry into force and before Guidelines (G8) have been reviewed and the
revised guidelines applied.

Nonindigenous
species

It is any species outside its native range, whether transported
intentionally or accidentally by humans or transported through natural
processes (IMO, 2007).

In-ballast

It is the condition in which a vessel is operating with ballast and no
cargo (NRC, 1996)

Inoculation

It is the release of an organism in a new environment

Introduction

It is the establishment of a reproducing population of an organism in a
novel environment.

Phytoplankton

Planktonic plants

Planktons

They are otherwise known as drifters because they are organisms that
are free-floating or drifting in water whose movements are determined
primarily by water motion.

Port State

A nation in whose port a vessel enters, as contrasted to a flag state,
which is the nation in which the vessel is registered (NRC, 1996).

Propagule refers Refer to the potential for invasion of a novel environment by non-native
Pressure
species. This potential is a function of the number and density of species
introduced.
Propeller

A revolving screw like device used for propelling ships through water
(NRC, 1996).
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Reballast

Means to load water ballast back on a vessel after deballasting (NRC,
1996).

Red tide

Refers to massive dinoflagellates blooms where the water changes
colour and toxic.

Salinity

Amount of salt dissolved in water

Sea chest

An enclosure attached to the inside of the shell plating and open to the
sea, providing the connection of a piping system to overboard
(NRC,1996).

Slamming

Means heavy impact resulting from a vessel’s bottom near the bow
making sudden contact with the sea surface after having risen above the
surface due to relative motion (NRC, 1996).

Stability

Means the condition to which a body will move back to a condition of
equilibrium when given a small initial movement away from this
condition (NRC, 1996).

Stem

The after end of a ship

Strain

The deformation resulting from stress on a body (NRC, 1996).

Tanker

A cargo vessel designed for carriage of liquid cargo in bulk.

Tens Rule

States that in the event of a bio-invasion, only 10% of invading species
become introduced, only 10% of those introduced become established
and only 10% of those established become invasive

Treatment
Rated Capacity
(TRC)

Means the maximum continuous capacity expressed in cubic metres per
hour for which the BWMS is type approved.

Trim

It is the difference between the drafts: the after draft minus the forward
draft (NRC, 1996).

Turbidity

The amount of light-reflecting material in suspension in water

Zooplankton

Planktonic animals

231#
#

APPENDIX 5: FULL TEXT OF RELEVANT SECTIONS OF IMO AND OTHER UN
CONVENTIONS MENTIONED IN THE STUDY
INTERNATIONAL MARITIME ORGANISATION (IMO) CONVENTIONS
BALLAST WATER MANAGEMENT (BWM) CONVENTION
Article 1 Definitions
For this Convention, unless expressly provided otherwise:
1 "Administration" means the Government of the State under whose authority the ship is
operating. With respect to a ship entitled to fly a flag of any State, the Administration is the
Government of that State. With respect to floating platforms engaged in exploration and
exploitation of the sea-bed and subsoil thereof adjacent to the coast over which the coastal
State exercises sovereign rights for the purposes of exploration and exploitation of its natural
resources, including Floating Storage Units (FSUs) and Floating Production Storage and
Offloading Units (FPSOs), the Administration is the Government of the coastal State
concerned.
2 Ballast Water” means water with its suspended matter taken on board a ship to control
trim, list, draught, stability or stresses of the ship.
3 Ballast Water Management” means mechanical, physical, chemical, and biological
processes, either singularly or in combination, to remove, render harmless, or avoid the
uptake or discharge of Harmful Aquatic Organisms and Pathogens within Ballast Water and
Sediments.
4 Certificate” means the International Ballast Water Management Certificate.
5 Committee” means the Marine Environment Protection Committee of the Organisation.
6 Convention” means the International Convention for the Control and Management of
Ships’Ballast Water and Sediments.
Gross tonnage” means the gross tonnage calculated in accordance with the tonnage
measurement regulations contained in Annex I to the International Convention on Tonnage
Measurement of Ships, 1969 or any successor Convention.
Harmful Aquatic Organisms and Pathogens” means aquatic organisms or pathogens which,
if introduced into the sea including estuaries, or into fresh water courses, may create hazards
to the environment, human health, property or resources, impair biological diversity or
interfere with other legitimate uses of such areas.
9 Organisation “means the International Maritime Organisation.
10 Secretary-General “means the Secretary-General of the Organisation.
11 Sediments “means matter settled out of Ballast Water within a ship.
12 Ship “means a vessel of any type whatsoever operating in the aquatic environment and
includes submersibles, floating craft, floating platforms, FSUs and FPSOs.
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Article 2 General Obligations
1 Parties undertake to give full and complete effect to the provisions of this Convention and
the Annex thereto in order to prevent, minimize and ultimately eliminate the transfer of
Harmful Aquatic Organisms and Pathogens through the control and management of
ships’Ballast Water and Sediments.
2 The Annex forms an integral part of this Convention. Unless expressly provided otherwise,
a reference to this Convention constitutes at the same time a reference to the Annex.
3 Nothing in this Convention shall be interpreted as preventing a Party from taking,
individually or jointly with other Parties, more stringent measures with respect to the
prevention, reduction or elimination of the transfer of Harmful Aquatic Organisms and
Pathogens through the control and management of ships‘ Ballast Water and Sediments,
consistent with international law.
4 Parties shall endeavour to co-operate for the purpose of effective implementation,
compliance and enforcement of this Convention.
5 Parties undertake to encourage the continued development of Ballast Water Management
and standards to prevent, minimize and ultimately eliminate the transfer of Harmful Aquatic
Organisms and Pathogens through the control and management of ships‘ Ballast Water and
Sediments.
6 Parties taking action pursuant to this Convention shall endeavour not to impair or damage
their environment, human health, property or resources, or those of other States.
7 Parties should ensure that Ballast Water Management practices used to comply with this
Convention do not cause greater harm than they prevent to their environment, human health,
property or resources, or those of other States.
8 Parties shall encourage ships entitled to fly their flag, and to which this Convention applies,
to avoid, as far as practicable, the uptake of Ballast Water with potentially Harmful
Aquatic Organisms and Pathogens, as well as Sediments that may contain such organisms,
including promoting the adequate implementation of recommendations developed by the
Organisation.
9 Parties shall endeavour to co-operate under the auspices of the Organisation to address
threats and risks to sensitive, vulnerable or threatened marine ecosystems and biodiversity in
areas beyond the limits of national jurisdiction in relation to Ballast Water Management.
Article 3 Application
1 Except as expressly provided otherwise in this Convention, this Convention shall apply to:
(a) Ships entitled to fly the flag of a Party; and
(b) Ships not entitled to fly the flag of a Party but which operate under the authority of a
Party.
2 This Convention shall not apply to:
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(a) Ships not designed or constructed to carry Ballast Water;
(b) Ships of a Party which only operate in waters under the jurisdiction of that Party, unless
the Party determines that the discharge of Ballast Water from such ships would impair or
damage their environment, human health, property or resources, or those of adjacent or other
States;
(c) Ships of a Party which only operate in waters under the jurisdiction of another Party,
subject to the authorisation of the latter Party for such exclusion. No Party shall grant such
authorisation if doing so would impair or damage their environment, human health, property
or resources, or those of adjacent or other States. Any Party not granting such authorisation
shall notify the Administration of the ship concerned that this Convention applies to such
ship;
(d) Ships which only operate in waters under the jurisdiction of one Party and on the high
seas, except for ships not granted an authorisation pursuant to sub-paragraph
(c), unless such Party determines that the discharge of Ballast Water from such ships would
impair or damage their environment, human health, property or resources, or those of
adjacent of other States;
(e) Any warship, naval auxiliary or other ship owned or operated by a State and used, for the
time being, only on government non-commercial service. However, each Party shall ensure,
by the adoption of appropriate measures not impairing operations or operational capabilities
of such ships owned or operated by it, that such ships act in a manner consistent, so far as is
reasonable and practicable, with this Convention; and
(f) Permanent Ballast Water in sealed tanks on ships, that is not subject to discharge.
3 With respect to ships of non-Parties to this Convention, Parties shall apply the requirements
of this Convention as may be necessary to ensure that no more favourable treatment is given
to such ships.
Article 4 Control of the Transfer of Harmful Aquatic Organisms and Pathogens Through
Ships‘Ballast Water and Sediments
1 Each Party shall require that ships to which this Convention applies and which are entitled
to fly its flag or operating under its authority comply with the requirements set forth in this
Convention, including the applicable standards and requirements in the Annex, and shall take
effective measures to ensure that those ships comply with those requirements.
III.! Each Party shall, with due regard to its particular conditions and capabilities, develop
national policies, strategies or programmes for Ballast Water Management in its ports
and waters under its jurisdiction that accord with, and promote the attainment of the
objectives of this Convention.
Article 5 Sediment Reception Facilities
1 Each Party undertakes to ensure that, in ports and terminals designated by that Party where
cleaning or repair of ballast tanks occurs, adequate facilities are provided for the reception
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of Sediments, taking into account the Guidelines developed by the Organisation. Such
reception facilities shall operate without causing undue delay to ships and shall provide for
the safe disposal of such Sediments that does not impair or damage their environment, human
health, property or resources or those of other States.
IV.! Each Party shall notify the Organisation for transmission to the other Parties
concerned of all cases where the facilities provided under paragraph 1 are alleged to
be inadequate.
Article 6 Scientific and Technical Research and Monitoring
1 Parties shall endeavour, individually or jointly, to:
(a) Promote and facilitate scientific and technical research on Ballast Water
Management; and
(b) Monitor the effects of Ballast Water Management in waters under their jurisdiction.
Such research and monitoring should include observation, measurement, sampling,
evaluation and analysis of the effectiveness and adverse impacts of any technology or
methodology as well as any adverse impacts caused by such organisms and pathogens that
have been identified to have been transferred through ships‘ Ballast Water.
2 Each Party shall, to further the objectives of this Convention, promote the availability of
relevant information to other Parties who request it on:
(a) Scientific and technology programmes and technical measures undertaken with respect to
Ballast Water Management; and
(b) The effectiveness of Ballast Water Management deduced from any monitoring and
assessment programmes.
Article 7 Survey and certification
1 Each Party shall ensure that ships flying its flag or operating under its authority and subject
to survey and certification are so surveyed and certified in accordance with the regulations in
the Annex.
2 A Party implementing measures pursuant to Article 2.3 and Section C of the Annex shall
not require additional survey and certification of a ship of another Party, nor shall the
Administration of the ship be obligated to survey and certify additional measures imposed by
another Party. Verification of such additional measures shall be the responsibility of the Party
implementing such measures and shall not cause undue delay to the ship.
Article 8 Violations
1 Any violation of the requirements of this Convention shall be prohibited and sanctions shall
be established under the law of the Administration of the ship concerned, wherever the
violation occurs. If the Administration is informed of such a violation, it shall investigate the
matter and may request the reporting Party to furnish additional evidence of the alleged
violation.
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If the Administration is satisfied that sufficient evidence is available to enable proceedings
to be brought in respect of the alleged violation, it shall cause such proceedings to be taken
as soon as possible, in accordance with its law. The Administration shall promptly inform the
Party that reported the alleged violation, as well as the Organisation, of any action taken. If
the Administration has not taken any action within 1 year after receiving the information, it
shall so inform the Party which reported the alleged violation.
2 Any violation of the requirements of this Convention within the jurisdiction of any Party
shall be prohibited and sanctions shall be established under the law of that Party. Whenever
such a violation occurs, that Party shall either:
(a) Cause proceedings to be taken in accordance with its law; or
(b) Furnish to the Administration of the ship such information and evidence as may be in its
possession that a violation has occurred.
3 The sanctions provided for by the laws of a Party pursuant to this Article shall be adequate
in severity to discourage violations of this Convention wherever they occur.
Article 9 Inspection of Ships
1 A ship to which this Convention applies may, in any port or offshore terminal of another
Party, be subject to inspection by officers duly authorized by that Party for the purpose of
determining whether the ship is in compliance with this Convention. Except as provided in
paragraph 2 of this Article, any such inspection is limited to:
(a) Verifying that there is onboard a valid Certificate, which, if valid shall be accepted; and
(b) Inspection of the Ballast Water record book, and/or
(c) a sampling of the ship‘s Ballast Water, carried out in accordance with the guidelines to be
developed by the Organisation. However, the time required to analyse the samples shall not
be used as a basis for unduly delaying the operation, movement or departure of the ship.
2 that:
Where a ship does not carry a valid Certificate or there are clear grounds for believing
(a) the condition of the ship or its equipment does not correspond substantially with the
particulars of the Certificate; or
(b) the master or the crew are not familiar with essential shipboard procedures relating to
Ballast Water Management, or have not implemented such procedures; a detailed inspection
may be carried out.
3 In the circumstances given in paragraph 2 of this Article, the Party carrying out the
inspection shall take such steps as will ensure that the ship shall not discharge Ballast Water
until it can do so without presenting a threat of harm to the environment, human health,
property or resources.
Article 10 Detection of Violations and Control of Ships
1 Parties shall co-operate in the detection of violations and the enforcement of the provisions
of this Convention.
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2 If a ship is detected to have violated this Convention, the Party whose flag the ship is entitled
to fly, and/or the Party in whose port or offshore terminal the ship is operating, may, in
addition to any sanctions described in Article 8 or any action described in Article 9, take steps
to warn, detain, or exclude the ship. The Party in whose port or offshore terminal the ship is
operating, however, may grant such a ship permission to leave the port or offshore terminal
for the purpose of discharging Ballast Water or proceeding to the nearest appropriate repair
yard or reception facility available, provided doing so does not present a threat of harm to the
environment, human health, property or resources.
3 If the sampling described in Article 9.1(c) leads to a result, or supports information received
from another port or offshore terminal, indicating that the ship poses a threat to the
environment, human health, property or resources, the Party in whose waters the ship is
operating shall prohibit such ship from discharging Ballast Water until the threat is removed.
4 A Party may also inspect a ship when it enters the ports or offshore terminals under its
jurisdiction, if a request for an investigation is received from any Party, together with
sufficient evidence that a ship is operating or has operated in violation of a provision in this
Convention.
The report of such investigation shall be sent to the Party requesting it and to the competent
authority of the Administration of the ship concerned so that appropriate action may be taken.
Article 12 Undue Delay to Ships
1 All possible efforts shall be made to avoid a ship being unduly detained or delayed under
Article 7.2, 8, 9 or 10.
2 When a ship is unduly detained or delayed under Article 7.2, 8, 9 or 10, it shall be entitled
to compensation for any loss or damage suffered.
Article 13 Technical Assistance, Co-operation and Regional Co-operation
1 Parties undertake, directly or through the Organisation and other international bodies, as
appropriate, in respect of the control and management of ships' Ballast Water and Sediments,
to provide support for those Parties which request technical assistance:
(a) to train personnel;
(b) to ensure the availability of relevant technology, equipment and facilities;
(c) to initiate joint research and development programmes; and
(d) to undertake other action aimed at the effective implementation of this Convention and of
guidance developed by the Organisation related thereto.
2 Parties undertake to co-operate actively, subject to their national laws, regulations and
policies, in the transfer of technology in respect of the control and management of ships'
Ballast Water and Sediments.
V.! In order to further the objectives of this Convention, Parties with common interests
to protect the environment, human health, property and resources in a given
geographical area, in particular, those Parties bordering enclosed and semi-enclosed
seas, shall endeavour, taking into account characteristic regional features, to enhance
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regional co-operation, including through the conclusion of regional agreements
consistent with this Convention. Parties shall seek to co-operate with the Parties to
regional agreements to develop harmonized procedures.
Article 18 Entry into Force
1 This Convention shall enter into force twelve months after the date on which not less than
thirty States, the combined merchant fleets of which constitute not less than thirty-five
percent of the gross tonnage of the world‘s merchant shipping, have either signed it without
reservation as to ratification, acceptance or approval, or have deposited the requisite
instrument of ratification, acceptance, approval or accession in accordance with Article 17.
2 For States which have deposited an instrument of ratification, acceptance, approval or
accession in respect of this Convention after the requirements for entry into force thereof
have been met, but prior to the date of entry in force, the ratification, acceptance, approval or
accession shall take effect on the date of entry into force of this Convention or three months
after the date of deposit of instrument, whichever is the later date.
3 Any instrument of ratification, acceptance, approval or accession deposited after the date
on which this Convention enters into force shall take effect three months after the date of
deposit.
4 After the date on which an amendment to this Convention is deemed to have been accepted
under Article 19, any instrument of ratification, acceptance, approval or accession deposited
shall apply to this Convention as amended.
Article 19 Amendments
1 This Convention may be amended by either of the procedures specified in the following
paragraphs.
2 Amendments after consideration within the Organisation:
(a) Any Party may propose an amendment to this Convention. A proposed amendment shall
be submitted to the Secretary-General, who shall then circulate it
to the Parties and Members of the Organisation at least six months prior to its consideration.
(b) An amendment proposed and circulated as above shall be referred to the Committee for
consideration. Parties, whether or not Members of the Organisation, shall be entitled to
participate in the proceedings of the Committee for consideration and adoption of the
amendment.
(c) Amendments shall be adopted by a two-thirds majority of the Parties present and voting
in the Committee, on condition that at least one-third of the Parties shall be present at the
time of voting.
(d) Amendments adopted in accordance with subparagraph (c) shall be communicated by the
Secretary-General to the Parties for acceptance.
(e) An amendment shall be deemed to have been accepted in the following circumstances:
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(i) An amendment to an article of this Convention shall be deemed to have been accepted on
the date on which two-thirds of the Parties have notified the Secretary-General of their
acceptance of it.
(ii) An amendment to the Annex shall be deemed to have been accepted at the end of twelve
months after the date of adoption or such other date as determined by the Committee.
However, if by that date more than one-third of the Parties notify the Secretary-General that
they object to the amendment, it shall be deemed not to have been accepted.
(f) An amendment shall enter into force under the following conditions:
(i) An amendment to an article of this Convention shall enter into force for those Parties that
have declared that they have accepted it six months after the date on which it is deemed to
have been accepted in accordance with subparagraph (e)(i).
(ii) An amendment to the Annex shall enter into force with respect to all Parties six months
after the date on which it is deemed to have been accepted, except for any Party that has:
(1) notified its objection to the amendment in accordance with subparagraph (e)(ii) and that
has not withdrawn such objection; or
(2) notified the Secretary-General, prior to the entry into force of such amendment, that the
amendment shall enter into force for it only after a subsequent notification of its acceptance.
(g) (i) A Party that has notified an objection under subparagraph (f)(ii)(1) may subsequently
notify the Secretary-General that it accepts the amendment.
Such amendment shall enter into force for such Party six months after the date of its
notification of acceptance, or the date on which the amendment enters into force, whichever
is the later date.
(ii) If a Party that has made a notification referred to in subparagraph (f)(ii)(2) notifies the
Secretary-General of its acceptance with respect to an amendment, such amendment shall
enter into force for such Party six months after the date of its notification of acceptance, or
the date on which the amendment enters into force, whichever is the later date.
3 Amendments by a Conference:
(a) Upon the request of a Party concurred in by at least one-third of the Parties, the
Organisation shall convene a Conference of Parties to consider amendments to this
Convention.
(b) An amendment adopted by such a Conference by a two-thirds majority of the Parties
present and voting shall be communicated by the Secretary-General to all Parties for
acceptance.
(c) Unless the Conference decides otherwise, the amendment shall be deemed to have been
accepted and shall enter into force in accordance with the procedures specified in paragraphs
2(e) and (f) respectively.
4 Any Party that has declined to accept an amendment to the Annex shall be treated as a nonParty only for the purpose of application of that amendment.
5 Any notification under this Article shall be made in writing to the Secretary-General.
6 The Secretary-General shall inform the Parties and Members of the Organisation of:
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(a) any amendment that enters into force and the date of its entry into force generally and for
each Party; and
(b) any notification made under this Article.

ANNEX
REGULATIONS FOR THE CONTROL AND MANAGEMENT OF SHIPS' BALLAST
WATER AND SEDIMENTS
Section A: General Provisions
Regulation A-1 Definitions
For the purposes of this Annex:
1 Anniversary date“means the day and the month of each year corresponding to the date of
expiry of the Certificate.
2 Ballast Water Capacity“ means the total volumetric capacity of any tanks, spaces or
compartments on a ship used for carrying, loading or discharging Ballast Water, including
any multi-use tank, space or compartment designed to allow carriage of Ballast Water.
3 Company“means the owner of the ship or any other organisation or person such as the
manager, or the bareboat charterer, who has assumed the responsibility for operation of the
shipfrom the owner of the ship and who on assuming such responsibility has agreed to take
over all the duties and responsibilities imposed by the International Safety Management
Code1.
4 Constructed“in respect of a ship means a stage of construction where:
.1 the keel is laid; or
.2 construction identifiable with the specific ship begins;
.3 assembly of the ship has commenced comprising at least 50 tonnes or 1 percent of the
estimated mass of all structural material, whichever is less; or
.4 the ship undergoes a major conversion.
5 Major conversion“ means a conversion of a ship:
.1 which changes its ballast water carrying capacity by 15 percent or greater, or
.2 which changes the ship type, or
.3 which, in the opinion of the Administration, is projected to prolong its life by ten
years or more, or
.4 which results in modifications to its ballast water system other than component
replacement-in-kind. Conversion of a ship to meet the provisions of regulation D-1 shall not
be deemed to constitute a major conversion for the purpose of this Annex.
6 From the nearest land“ means from the baseline from which the territorial sea of the territory
in question is established in accordance with international law except that, for the purposes
of the Convention, —from the nearest land“ off the north-eastern coast of Australia shall
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mean from a line drawn from a point on the coast of Australia in latitude 11°00´ S, longitude
142°08´ E to a point in latitude 10°35´ S, longitude 141°55´ E
thence to a point latitude 10°00´ S, longitude 142°00´ E
thence to a point latitude 9°10´ S, longitude 143°52´ E
thence to a point latitude 9°00´ S, longitude 144°30´ E
thence to a point latitude 10°41´ S, longitude 145°00´ E
thence to a point latitude 13°00´ S, longitude 145°00´ E
thence to a point latitude 15°00´ S, longitude 146°00´ E
thence to a point latitude 17°30´ S, longitude 147°00´ E
thence to a point latitude 21°00´ S, longitude 152°55´ E
thence to a point latitude 24°30´ S, longitude 154°00´ E
thence to a point on the coast of Australia
in latitude 24°42´ S, longitude 153°15´ E.
7 Active Substance“means a substance or organism, including a virus or a fungus, that has a
general or specific action on or against Harmful Aquatic Organisms and Pathogens.
Regulation A-2 General Applicability
Except where expressly provided otherwise, the discharge of Ballast Water shall only be
conducted through Ballast Water Management in accordance with the provisions of this
Annex.
Regulation A-3 Exceptions
The requirements of regulation B-3, or any measures adopted by a Party pursuant to Article
2.3 and Section C, shall not apply to:
1 the uptake or discharge of Ballast Water and Sediments necessary for the purpose of
ensuring the safety of a ship in emergency situations or saving life at sea; or
2 the accidental discharge or ingress of Ballast Water and Sediments resulting from damage
to a ship or its equipment:
.1 provided that all reasonable precautions have been taken before and after the occurrence
of the damage or discovery of the damage or discharge for the purpose of preventing or
minimizing the discharge; and
.2 unless the owner, Company or officer in charge wilfully or recklessly caused damage; or
3 the uptake and discharge of Ballast Water and Sediments when being used for the purpose
of avoiding or minimizing pollution incidents from the ship; or
4 the uptake and subsequent discharge on the high seas of the same Ballast Water and
Sediments; or
5 the discharge of Ballast Water and Sediments from a ship at the same location where the
whole of that Ballast Water and those Sediments originated and provided that no mixing with
unmanaged Ballast Water and Sediments from other areas has occurred. If mixing has
occurred, the Ballast Water taken from other areas is subject to Ballast Water Management
in accordance with this Annex.
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Regulation A-4 Exemptions
1 A Party or Parties, in waters under their jurisdiction, may grant exemptions to any
requirements to apply regulations B-3 or C-1, in addition to those exemptions contained
elsewhere in this Convention, but only when they are:
.1 granted to a ship or ships on a voyage or voyages between specified ports or locations; or
to a ship which operates exclusively between specified ports or locations;
.2 effective for a period of no more than five years subject to intermediate review;
.3 granted to ships that do not mix Ballast Water or Sediments other than between the ports
or locations specified in paragraph 1.1; and
.4 granted based on the Guidelines on risk assessment developed by the Organisation.
2 Exemptions granted pursuant to paragraph 1 shall not be effective until after
communication to the Organisation and circulation of relevant information to the Parties.
3 Any exemptions granted under this regulation shall not impair or damage the environment,
human health, property or resources of adjacent or other States. Any State that the Party
determines may be adversely affected shall be consulted, with a view to resolving any
identified concerns.
4 Any exemptions granted under this regulation shall be recorded in the Ballast Water record
book.
Regulation A-5 Equivalent compliance
Equivalent compliance with this Annex for pleasure craft used solely for recreation or
competition or craft used primarily for search and rescue, less than 50 metres in length
overall, and with a maximum Ballast Water capacity of 8 cubic metres, shall be determined
by the Administration taking into account Guidelines developed by the Organisation.
Section B: Management and Control Requirements for Ships
Regulation B-1 Ballast Water Management Plan
Each ship shall have on board and implement a Ballast Water Management plan. Such a plan
shall be approved by the Administration taking into account Guidelines developed by the
Organisation. The Ballast Water Management plan shall be specific to each ship and shall at
least:
1 detail safety procedures for the ship and the crew associated with Ballast Water
Management as required by this Convention;
2 provide a detailed description of the actions to be taken to implement the Ballast Water
Management requirements and supplemental Ballast Water Management practices as set
forth in this Convention;
3 detail the procedures for the disposal of Sediments:
.1 at sea; and
.2 to shore;
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4 include the procedures for coordinating shipboard Ballast Water Management that involves
discharge to the sea with the authorities of the State into whose waters such discharge will
take place;
5 designate the officer on board in charge of ensuring that the plan is properly implemented;
6 contain the reporting requirements for ships provided for under this Convention; and
7 be written in the working language of the ship. If the language used is not English, French
or Spanish, a translation into one of these languages shall be included.
Regulation B-2 Ballast Water Record Book
1 Each ship shall have on board a Ballast Water record book that may be an electronic record
system, or that may be integrated into another record book or system and, which shall at least
contain the information specified in Appendix II.
2 Ballast Water record book entries shall be maintained on board the ship for a minimum
period of two years after the last entry has been made and thereafter in the Company‘s control
for a minimum period of three years.
3 In the event of the discharge of Ballast Water pursuant to regulations A-3, A-4 or B-3.6 or
in the event of other accidental or exceptional discharge of Ballast Water not otherwise
exempted by this Convention, an entry shall be made in the Ballast Water record book
describing the circumstances of, and the reason for, the discharge.
4 The Ballast Water record book shall be kept readily available for inspection at all reasonable
times and, in the case of an unmanned ship under tow, may be kept on the towing ship.
5 Each operation concerning Ballast Water shall be fully recorded without delay in the
Ballast Water record book. Each entry shall be signed by the officer in charge of the operation
concerned and each completed page shall be signed by the master. The entries in the Ballast
Water record book shall be in a working language of the ship. If that language is not English,
French or Spanish the entries shall contain a translation into one of those languages. When
entries in an official national language of the State whose flag the ship is entitled to fly are
also used, these shall prevail in case of a dispute or discrepancy.
6 Officers duly authorized by a Party may inspect the Ballast Water record book on board
any ship to which this regulation applies while the ship is in its port or offshore terminal, and
may make a copy of any entry, and require the master to certify that the copy is a true copy.
Any copy so certified shall be admissible in any judicial proceeding as evidence of the facts
stated in the entry. The inspection of a Ballast Water record book and the taking of a certified
copy shall be performed as expeditiously as possible without causing the ship to be unduly
delayed.
Regulation B-3 Ballast Water Management for Ships
1 A ship constructed before 2009:
.1 with a Ballast Water Capacity of between 1,500 and 5,000 cubic metres, inclusive, shall
conduct Ballast Water Management that at least meets the standard described in regulation
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D-1 or regulation D-2 until 2014, after which time it shall at least meet the standard described
in regulation D-2;
.2 with a Ballast Water Capacity of less than 1,500 or greater than 5,000 cubic metres shall
conduct Ballast Water Management that at least meets the standard described in regulation
D-1 or regulation D-2 until 2016, after which time it shall at least meet the standard described
in regulation D-2.
2 A ship to which paragraph 1 applies shall comply with paragraph 1 not later than the first
intermediate or renewal survey, whichever occurs first, after the anniversary date of delivery
of the ship in the year of compliance with the standard applicable to the ship.
3 A ship constructed in or after 2009 with a Ballast Water Capacity of less than 5,000 cubic
metres shall conduct Ballast Water Management that at least meets the standard described in
regulation D-2.
4 A ship constructed in or after 2009, but before 2012, with a Ballast Water Capacity of
5,000 cubic metres or more shall conduct Ballast Water Management in accordance with
paragraph 1.2.
5 A ship constructed in or after 2012 with a Ballast Water Capacity of 5000 cubic metres or
more shall conduct Ballast Water Management that at least meets the standard described in
regulation D-2.
6 The requirements of this regulation do not apply to ships that discharge Ballast Water to a
reception facility designed taking into account the Guidelines developed by the Organisation
for such facilities.
7 Other methods of Ballast Water Management may also be accepted as alternatives to the
requirements described in paragraphs 1 to 5, provided that such methods ensure at least the
same level of protection to the environment, human health, property or resources, and are
approved in principle by the Committee.
Regulation B-4 Ballast Water Exchange
1 A ship conducting Ballast Water exchange to meet the standard in regulation D-1 shall:
.1 whenever possible, conduct such Ballast Water exchange at least 200 nautical miles from
the nearest land and in water at least 200 metres in depth, taking into account the Guidelines
developed by the Organisation;
.2 in cases where the ship is unable to conduct Ballast Water exchange in accordance with
paragraph 1.1, such Ballast Water exchange shall be conducted taking into account the
Guidelines described in paragraph 1.1 and as far from the nearest land
as possible, and in all cases at least 50 nautical miles from the nearest land and in water at
least 200 metres in depth.
2 In sea areas where the distance from the nearest land or the depth does not meet the
parameters described in paragraph 1.1 or 1.2, the port State may designate areas, in
consultation with adjacent or other States, as appropriate, where a ship may conduct Ballast
Water exchange, taking into account the Guidelines described in paragraph 1.1.
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3 A ship shall not be required to deviate from its intended voyage, or delay the voyage, in
order to comply with any particular requirement of paragraph 1.
4 A ship conducting Ballast Water exchange shall not be required to comply with paragraphs
1 or 2, as appropriate, if the master reasonably decides that such exchange would threaten the
safety or stability of the ship, its crew, or its passengers because of adverse weather, ship
design or stress, equipment failure, or any other extraordinary condition.
5 When a ship is required to conduct Ballast Water exchange and does not do so in accordance
with this regulation, the reasons shall be entered in the Ballast Water record book.
Regulation B-5 Sediment Management for Ships
1 All ships shall remove and dispose of Sediments from spaces designated to carry Ballast
Water in accordance with the provisions of the ship‘s Ballast Water Management plan.
2 Ships described in regulation B-3.3 to B-3.5 should, without compromising safety or
operational efficiency, be designed and constructed with a view to minimize the uptake and
undesirable entrapment of Sediments, facilitate removal of Sediments, and provide safe
access to allow for Sediment removal and sampling, taking into account guidelines developed
by the Organisation. Ships described in regulation B-3.1 should, to the extent practicable,
comply with this paragraph.
Section C: Special Requirements in Certain Areas
Regulation C-1 Additional Measures
1 If a Party, individually or jointly with other Parties, determines that measures in addition to
those in Section B are necessary to prevent, reduce, or eliminate the transfer of Harmful
Aquatic Organisms and Pathogens through ships‘ Ballast Water and Sediments, such Party
or Parties may, consistent with international law, require ships to meet a specified standard
or requirement.
2 Prior to establishing standards or requirements under paragraph 1, a Party or Parties should
consult with adjacent or other States that may be affected by such standards or requirements.
3 A Party or Parties intending to introduce additional measures in accordance with paragraph
1 shall:
.1 take into account the Guidelines developed by the Organisation.
.2 communicate their intention to establish additional measure(s) to the Organisation at least
6 months, except in emergency or epidemic situations, prior to the projected date of
implementation of the measure(s). Such communication shall include:
.1 the precise co-ordinates where additional measure(s) is/are applicable;
.2 the need and reasoning for the application of the additional measure(s), including,
whenever possible, benefits;
.3 a description of the additional measure(s); and
.4 any arrangements that may be provided to facilitate ships‘ compliance with the additional
measure(s).

245#
#

3 to the extent required by customary international law as reflected in the United Nations
Convention on the Law of the Sea, as appropriate, obtain the approval of the Organisation.
4 A Party or Parties, in introducing such additional measures, shall endeavour to make
available all appropriate services, which may include but are not limited to notification to
mariners of areas, available and alternative routes or ports, as far as practicable, in order to
ease the burden on the ship.
5 Any additional measures adopted by a Party or Parties shall not compromise the safety and
security of the ship and in any circumstances not conflict with any other convention with
which the ship must comply.
6 A Party or Parties introducing additional measures may waive these measures for a period
of time or in specific circumstances as they deem fit.
Section D: Standards for Ballast Water Management
Regulation D-1 Ballast Water Exchange Standard
1 Ships performing Ballast Water exchange in accordance with this regulation shall do so
with an efficiency of at least 95 percent volumetric exchange of Ballast Water.
2 For ships exchanging Ballast Water by the pumping-through method, pumping through
three times the volume of each Ballast Water tank shall be considered to meet the standard
described in paragraph 1. Pumping through less than three times the volume may be accepted
provided the ship can demonstrate that at least 95 percent volumetric exchange is met.
Regulation D-2 Ballast Water Performance Standard
1 Ships conducting Ballast Water Management in accordance with this regulation shall
discharge less than 10 viable organisms per cubic metre greater than or equal to 50
micrometres in minimum dimension and less than 10 viable organisms per millilitre less than
50 micrometres in minimum dimension and greater than or equal to 10 micrometres in
minimum dimension; and discharge of the indicator microbes shall not exceed the specified
concentrations described in paragraph 2.
2 Indicator microbes, as a human health standard, shall include:
.1 Toxicogenic Vibrio cholerae (O1 and O139) with less than 1 colony forming unit (cfu) per
100 millilitres or less than 1 cfu per 1 gram (wet weight) zooplankton samples ;
.2 Escherichia coli less than 250 cfu per 100 millilitres;
.3 Intestinal Enterococci less than 100 cfu per 100 milliliters.
Regulation D-3 Approval requirements for Ballast Water Management systems
1 Except as specified in paragraph 2, Ballast Water Management systems used to comply
with this Convention must be approved by the Administration taking into account Guidelines
developed by the Organisation.
2 Ballast Water Management systems which make use of Active Substances or preparations
containing one or more Active Substances to comply with this Convention shall be approved
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by the Organisation, based on a procedure developed by the Organisation. This procedure
shall describe the approval and withdrawal of approval of Active Substances and their
proposed manner of application. At withdrawal of approval, the use of the relevant Active
Substance or Substances shall be prohibited within 1 year after the date of such withdrawal.
3 Ballast Water Management systems used to comply with this Convention must be safe in
terms of the ship, its equipment and the crew.
Regulation D-4 Prototype Ballast Water Treatment Technologies
1 For any ship that, prior to the date that the standard in regulation D-2 would otherwise
become effective for it, participates in a programme approved by the Administration to test
and evaluate promising Ballast Water treatment technologies, the standard in regulation D-2
shall not apply to that ship until five years from the date on which the ship would otherwise
be required tocomply with such standard.
2 For any ship that, after the date on which the standard in regulation D-2 has become
effective for it, participates in a programme approved by the Administration, taking into
account Guidelines developed by the Organisation, to test and evaluate promising Ballast
Water technologies with the potential to result in treatment technologies achieving a standard
higher than that in regulation D-2, the standard in regulation D-2 shall cease to apply to that
ship for five years from the date of installation of such technology.
3 In establishing and carrying out any programme to test and evaluate promising Ballast
Water technologies, Parties shall:
.1 take into account Guidelines developed by the Organisation, and
.2 allow participation only by the minimum number of ships necessary to effectively test such
technologies.
4 Throughout the test and evaluation period, the treatment system must be operated
consistently and as designed.
Regulation D-5 Review of Standards by the Organisation
1 At a meeting of the Committee held no later than three years before the earliest effective
date of the standard set forth in regulation D-2, the Committee shall undertake a review which
includes a determination of whether appropriate technologies are available to achieve the
standard, an assessment of the criteria in paragraph 2, and an assessment of the socioeconomic effect(s) specifically in relation to the developmental needs of developing
countries, particularly small island developing States. The Committee shall also undertake
periodic reviews, as appropriate, to examine the applicable requirements for ships described
in regulation B-3.1 as well as any other aspect of Ballast Water Management addressed in
this Annex, including any
Guidelines developed by the Organisation.
2 Such reviews of appropriate technologies shall also take into account:
.1 safety considerations relating to the ship and the crew;
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.2 environmental acceptability, i.e. not causing more or greater environmental impacts than
they solve;
.3 practicability, i.e., compatibility with ship design and operations;
.4 cost effectiveness, i.e., economics; and
.5 biological effectiveness in terms of removing, or otherwise rendering not viable, Harmful
Aquatic Organisms and Pathogens in Ballast Water.
3 The Committee may form a group or groups to conduct the review(s) described in paragraph
1. The Committee shall determine the composition, terms of reference and specific issues to
be addressed by any such group formed. Such groups may develop and recommend proposals
for amendment of this Annex for consideration by the Parties. Only Parties may participate
in the formulation of recommendations and amendment decisions taken by the Committee.
4 If, based on the reviews described in this regulation, the Parties decide to adopt amendments
to this Annex, such amendments shall be adopted and enter into force in accordance with the
procedures contained in Article 19 of this Convention.
UNITED NATIONS (UN) CONVENTIONS
THE UNITED NATIONS CONVENTION ON THE LAW OF THE SEA (UNCLOS)
The United Nation’s Convention on the Law of the Sea (UNCLOS); Article 196
paragraph 1 provides that:
“States shall take all measures necessary to prevent, reduce and control . . . the intentional or
accidental introduction of species, alien or new, to a particular part of the marine
environment, which may cause significant and harmful changes thereto” (UNCLOS, 1982).
UNITED NATIONS ENVIRONMENT PROGRAMME (UNEP):
Guiding principle 5: Research and monitoring (UNEP)
In order to develop an adequate knowledge base to address the problem, States should
undertake appropriate research on and monitoring of alien invasive species. This should
document the history of invasions (origin, pathways and time-period), characteristics of the
alien invasive species, ecology of the invasion, and the associated ecological and economic
impacts and how they change over time. Monitoring is the key to early detection of new alien
species. It requires targeted and general surveys which can benefit from the involvement of
local communities.
CONVENTION ON BIOLOGICAL DIVERSITY (CBD):
The Convention on Biological Diversity (CBD); Article 8(h) requires Parties:
“As far as possible and appropriate, (to) prevent the introduction of, control or eradicate
those alien species which threaten ecosystems, habitats or species” (IMO, 2009).
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APPENDIX 6: AXIOMATIC DESIGN THEOREMS AND COROLLARIES (Suh,
2005)
THEOREMS OF GENERAL DESIGN
THEOREM 1-(Coupling Due to Insufficient Number of DPs)
When the number of DPs is less than the number of FRs, either a coupled design results ot
the FRS cannot be satisfied.
THEOREM 2- (Decoupling of Coupled Design)
When a design is coupled because of larger number of FRs than DPs (i.e., m>n), it may be
decoupled by the addition of new DPs so as to make the number of FRs and DPs equal to
each other if a subset of the design matrix containing n x n elements constitutes a triangular
matrix.
THEOREM 3- (Redundant Design)
When there are more DPs than FRs, the design is either a redundant design or a coupled
design.
THEOREM 4- (Ideal Design)
In an ideal design, the number of DPs is equal to the number of FRs and the FRs are always
maintained independent of each other.
THEROEM 5 (Need for New Design)
When a given set of FRs is changed by the addition of a new FR, by substitution of one of
the FRs with a new one, or by selection of a completely different set of FRs, the design
solution given by the original DPs cannot satisfy the new set of FRs. Consequently, a new
design solution must be sought.
THEOREM 6- (Path Independence of Uncoupled Design)
The information content of an uncoupled design is independent of the sequence by which the
DPs are changed to satisfy the given set of FRs.
THEOREM 7- (Path Dependency of Coupled and Decoupled Design)
The information content of coupled and decoupled design depend on the sequence by which
the DPs are changed to satisfy the given set of FRs.
THEOREM 8- (Independence and Design Range)
A design is an uncoupled design when the designer-specified range is greater than
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in which case, the non-diagonal elements of the design matrix can be neglected from design
consideration.
THEOREM 9- (Design for Manufacturability)
For a product to be manufacturable with reliability and robustness, the design matrix for the
product, [A] (which relates the FR vector for the product to the DP vector of the product),
times the design matrix for manufacturing process, [B] ( which relates the DP vector to the
PV vector of the manufacturing process), must yield either a diagonal or a triangular matrix.
Consequently, when either [A] or [B] represents a coupled design, the independence of FRs
and robust design cannot be achieved. When they a full triangular matrices, either both of
them must be upper triangular or both, lower triangular for the manufacturing process to
satisfy independence of functional requirements.
THEOREM 10- (Modularity of Independence Measures)
Suppose that a design matrix [DM] can be partitioned into square submatrices that are nonzero only along the main diagonal. Then the reangularity and semangularity for [DM] are
equal to the product of their corresponding measures for each of the non-zero submatrices.
THEOREM 11- (Invariance)
Reangularity and semangularity for a design matrix [DM] are invariant under alternative
orderings of the FR and DP variables, as long the orderings preserve the association of each
FR with its corresponding DP.
THEOREM 12- (Sum of Information)
The sum of information for a set of events is also information, provided that proper
conditional probabilities are used when the events are not statistically independent.
THEOREM 13- (Information Content of the Total System)
If each DP is probabilistically independent of other DPs, the information content of the total
system is the sum of the information of all individual events associated with the set of FRs
that must be satisfied.
THGEOREM 14- (Information Content of Coupled versus Uncoupled Designs)
When FRs are changed from one state to another in the functional domain, the information
required fro the change is greater for a coupled design than for an uncoupled design.
THEOREM 15- (Design-Manufacturing Interface)
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When the manufacturing system compromises the independence of the FRs of the product,
either the design of the product must be modified or a new manufacturing process must be
designed and/or used to maintain the independence of the FRs of the products.
THEOREM 16- (Equality of Information Content)
All information content that is relevant to the design task is equally important regardless of
its physical origin, and no weighting factor should be applied to them.
THEOREM 17- (Design in the Absence of Complete Information)
Design can proceed even in the absence of complete information only in the case of a
decoupled design if the missing information is related to the off-diagonal elements.
THEOREM 18- (Existence of an Uncoupled design or Decoupled Design)
There always exist an uncoupled or a decoupled design that has less information than a
coupled design.
THEOREM 19- (Robustness of Design)
An uncoupled design and a decoupled design are more robust than a coupled design in the
sense that it is easier to reduce the information content of designs than satisfy the
Independence Axiom.
THEOREM 20- (Design Range and Coupling)
If the design ranges of uncoupled design or decoupled designs are tightened, they may
become coupled designs. Conversely, if the design ranges of some coupled designs are
relaxed, the designs may become either uncoupled or decoupled.
THEOREM 21- (Robust Design when the Design Range has a Non-Uniform pdf)
If the probability distribution function (pdf) of the FR in the design range is non-uniform, the
probability of success is equal to 1when the system range is inside the design range or when
the pdf of the system range is identical to the pdf in the design.
THEOREM 22- (Comparative Robustness of a Decoupled Design)
Given the maximum design ranges for a given set of FRs, decoupled designs cannot be as
robust as uncoupled designs in that the allowable tolerances for the DPs of a decoupled design
are less than those of an uncoupled design.
THEOREM 23- (Decreasing Robustness of a Decoupled Design)
The allowable tolerance and thus the robustness of a decoupled design with a full triangular
matrix diminish with an increase in the number of functional requirements.
THEOREM 24- (Optimum Scheduling)
Before a schedule of a robot motion or factory scheduling can be optimized, the design of the
tasks must be made to satisfy the Independence Axiom by adding decouplers to eliminate
coupling. The couplers may be in the form of a queue or of separate hardware or buffer.
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THEOREM 25- (“Push” System vs “Pull” System)
When identical parts are processed through a system, a “push” system can be designed with
the use of decouplers to maximize productivity, whereas when irregular parts requiring
different operations are processed, a “pull” system is the most effective system.
THEOREM 26- (Conversion of a System with Infinite Time –Dependent Combinatorial
Complexity to a System with Periodic Complexity)
Uncertainty associated with a design (or a system) can be reduced significantly by changing
the design from one of serial combinatorial complexity to one of periodic complexity.
COROLLARIES
COROLLARY 1- (Decoupling of Coupled Designs)
Decouple or separate parts or aspects of a solution if FRs are coupled or become
interdependent in the designs proposed.
COROLLARY 2- (Minimization of FRs)
Minimize the number of FRs and constraints.
COROLLARY 3- (Integration of Physical Parts)
Integrate design features in a single physical part if the FRs can be independently satisfied in
the proposed solution.
COROLLARY 4- (Use of Standardization)
Use standardized or interchangeable parts if the use of these parts is consistent with the FRs
and constraints.
COROLLARY 5- (Use of Symmetry)
Use symmetrical shapes and/or components if they are consistent with the FRs and
constraints.
COROLLARY 6- (Largest Design Ranges)
Specify the largest allowable design range in stating FRs.
COROLLARY 7- (Uncoupled Design with Less Information)
Seek an uncoupled design that requires less information than coupled designs in satisfying a
set of FRs.
COROLLARY 8- (Effective Reangularity of a Scalar)
The effective reangularity R for a scalar coupling “matrix” or element is unity.
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